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Abstract 
 
The overall results of this research addressed the question of how increased time for mineworkers to 
evacuate mines prior to the onset of untenable fire conditions is achievable. Additionally, improved 
asset loss control for underground mining is feasible through the successful development of Video 
Based Fire Detection (VBFD) in mining, as it provides more information earlier for mine fire 
fighters to intervene in the growth and spread of fire, therefore maintainable coal production is 
achievable.  VBFD may also be used to activate automatic fire suppression systems. 
 
VBFD is an emerging volume type smoke detection technology that utilises Closed Circuit 
Television (CCTV) cameras to capture and analyse real time video data for the purpose of smoke 
recognition. VBFD technology performance was compared with the performance of fire detection 
methods currently used in underground coalmines to determine whether valuable improvements to 
fire safety and asset loss control could be made. Increased available safe evacuation time for 
mineworkers and a longer available time to extinguish fires earlier in their growth stage were 
considered the primary measures of success. 
 
The scope of this research included three main studies:  
a. Proof Of Concept (POC) tests;  
b. Detailed Experiments; and  
c. Field Testing. 
 
The initial trials successfully demonstrated the capability of VBFD to detect small coal fires 
associated with fixed plant installations in a low light simulated mine environment. Encouraged by 
these findings, detailed experiments were developed and subsequently applied at the Safety In Mines 
Testing and Research Station (SIMTARS) experimental facility at Redbank, Australia. The 
experimental plan involved 54 individual fire test experiments that recorded the level of Carbon 
Monoxide (CO) concurrent at the VBFD alarm activation time. Sensitivity analysis was undertaken 
by varying the air velocity over the fire source, which affected the smoke plume shape. The other 
component of the sensitivity analysis involved variations in light levels aimed at testing the VBFD 
smoke detection sensitivity. The data were subsequently analysed to identify trends in the detection 
response of both the CO sensors and the VBFD. Some of the tests carried out exceeded the 
capability of the VBFD system, which was an important aspect in the research and the evolving 
capability of video smoke detection. 
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The experimental fire characteristics were subsequently replicated numerically using Computational 
Fluid Dynamics (CFD) so it could be used in this research to estimate the evacuation response of 
mineworkers under more onerous fire conditions, which could not physically be undertaken in an 
operational mine. 
 
A following VBFD field study was proposed to review and utilise the results of installation 
commissioning data and maintenance testing of a VBFD system at an operational underground mine 
environment. The purpose of this field-testing was to inform the underground mining industry of 
limitations that may exist in terms of the VBFD reliability in service, such as potential maintenance 
issues. During the period of the subject research the Australian resources industry moved from being 
in a position to readily facilitate and support minor external unfunded research projects within its 
underground mine assets, to its current position where it was no longer willing or able to assist. As a 
result of the lack of a trial VBFD system in an underground mine, the subsequent field study 
opportunistically considered the reliability and performance of VBFD in a very similar and related 
environment, however this facility was not an underground mine, but a South African coal fired 
power station. The results of the reliability testing of 360 VBFD devices over a 12 months’ period 
showed that VBFD was very reliable. 
 
Future VBFD research might address two aspects. Firstly, VBFD may be used to detect flames or 
smoke.  Whilst coal handling plant fires typically manifest during their early stages of growth as 
smouldering fires, other fixed plant fires have the potential to produce flames from the outset.  
Underground refuelling stations and transformers exhibit this phenomenon, so flame detection 
capability is possible and should be explored. In this research, VBFD CCTV cameras were of a very 
basic functionality.  They were simple, relatively low cost devices operating in the visible light 
spectrum only.  Secondly, the use of high resolution “mega pixel” cameras with the capability to 
operate in very low light levels should be researched. 
 
It was found that VBFD offers considerably faster response to visible smoke plumes than other 
forms of fire detection currently used in underground coalmines. In terms of VBFD reliability, it was 
more resistant to contamination from mine pollutants than typical commercial ‘point type’ 
photoelectric or ionisation smoke detectors. It was shown in the research that significant 
improvements in fire safety and asset loss control in underground mining can be made through the 
application of VBFD for early fire detection of fixed plant fires. 
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2 
1. Introduction 
This thesis reports on research that assessed the novel application and performance of an emerging 
form of smoke detection referred to as Video Based Fire Detection (VBFD), which was configured 
for use in an underground coal mining context. VBFD technology utilises Closed Circuit Television 
(CCTV) cameras that incorporate smoke detection algorithms (Kessinger, 2008).  
  
The performance of the contemporary carbon monoxide (CO) gas concentration in air detection 
approach (Qld_Govt, 2010), as applied in underground coalmines to monitor CO gas levels for the 
purpose of fire detection and the provision of a subsequent fire alarm, was compared with the 
response time of VBFD to recognise visible smoke using the same fires, which were experimentally 
assessed and numerically modelled. VBFD’s operability and reliability involving the successful 
operation of over 360 VBFD devices in the coal handling and storage areas of a South African coal 
fired power station (Eskom, 2015) over a twelve (12) months period was assessed. A significant 
reduction in fire detection time was found using VBFD, along with the ability to identify the source 
of fixed plant fires at an early stage, compared with a much slower response to developing CO levels 
using typically few sparsely spaced point type CO detectors. A potential improvement in fire safety 
and asset loss control in functioning underground coalmines was considered possible by applying 
VBFD in lieu of CO detection. Quantifying potential fire detection improvements using fire 
engineering analysis methods originally developed for commercial building and road transport 
tunnel design (ABCB, 1996) was thought to be the best available approach and was subsequently 
applied. 
 
The Required Safe Evacuation Time (RSET) is an emergency evacuation related term and analysis 
approach outlined in the International Fire Engineering Guidelines 2005 (IFEG) (ABCB, 2005). 
RSET analysis was considered useful in this research as a means of quantitatively comparing the 
performance of VBFD with CO detection, as it has been shown useful for similar purposes in 
underground transport tunnels (Aralt & Nilsen, 2009). In a mining context, the RSET describes the 
period of time commencing with the detection of a fire followed by a mineworker pre-movement 
phase and then a movement phase. The fire detection phase is the initial period of time from the 
initiation of the fixed plant fire to the time of the activation of an alarm or warning by the fire 
detection system that alerts mine controllers and mineworkers (ABCB, 2005). It concludes at such 
time when the escaping mineworkers reach a place of safety prior to the onset of untenable 
conditions.  
 
 
 
 
 
3 
Available Safe Evacuation Time (ASET) (ABCB, 2005) describes the time period commencing at 
the ignition time of the subject fire during which conditions remain tenable with respect to the 
products of combustion and their effects on mineworkers evacuation. The main difference between 
RSET and ASET is that RSET is based on the capability of evacuating mines workers to escape 
before the mine becomes untenable, whereas ASET is based on the maximum amount of time prior 
to the mine becoming untenable. Fire growth and the movement of combustion products within the 
mine affect ASET however, RSET is based on mineworker evacuation effectiveness, which is 
further dependent on the efficiency and effectiveness of the fire detection system and the 
mineworkers’ capabilities during escape. It is very important that mineworkers be warned of a fire 
condition in its earliest possible stage of growth early in the RSET period, as smoke and combustion 
products have the propensity to produce rapidly once a typical fixed plant fire commences to spread 
beyond its point of origin. This thesis will reference a number of cases where mineworker fatalities 
have occurred due to smoke and toxic gas inhalation because of a significant fire, which may have 
been averted if earlier detection in the RSET period was available. 
 
A fundamental quantitative fire engineering performance evaluation approach outlined in the IFEG 
(ABCB, 2005) framework compares the RSET with the ASET. The desired life safety outcome is 
notionally met where the RSET period is less than the ASET period, which aims at ensuring 
evacuation occurs prior to mine conditions becoming untenable. The mine fires addressed by this 
research involving ASET / RSET analysis were fixed plant and equipment fires within the 
underground mine workings, however it should be noted that the RSET versus ASET analysis 
approach can be applied to almost any emergency evacuation scenario (ABCB, 2005). 
 
This research intentionally focuses in detail on the initial part of the RSET timeline, which is the fire 
detection phase where the application of VBFD has revealed the greatest opportunity to reduce the 
RSET (ABCB, 2005). Whilst the potential for VBFD to provide early cues in relation to the onset of 
fires in underground mines is studied in this research, the human factors associated with fire alarm 
response cues, being an independently complex area within fire safety, is not addressed within the 
scope of this thesis.  
 
A corresponding benefit of earlier detection is earlier fire intervention such that fire suppression or 
fire extinguishment action can be taken to control fire spread. It was anticipated that the result of this 
action might lead to reduced subsequent damage to equipment and assets and provide sustained 
production (SMI, 2010). 
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 A further very important outcome of this research is that it has demonstrated that the IFEG (ABCB, 
2005) can be appropriately and effectively used as a framework for analysis of fire safety 
engineering in mining. The IFEG does not appear to have been intended for this purpose (ABCB, 
2005). 
 Research Problem 
At present there is no effective early fire detection system available for reliably and accurately 
detecting and locating fires associated with fixed plant in underground coalmines (Fawcett, 2007).  
The currently applied method of fire detection for fixed plant fires in underground coalmines in 
Australia and many other countries is CO detection (Litton, 2009). CO detection has been found in 
this research and research by NIOSH (Litton, 2009) to be not very effective for this application due 
to sensor drift and also due to its inherent limitation by the fact that it must be configured as a point 
type detector rather than a volume based detector. As a result of CO fire detection technology 
limitations, the detection and timeliness of alarm notification of early developing fixed plant fires 
using CO gas sensing has been found in this research as being significantly less effective than VBFD 
in relation to providing early warning for fire safety and asset loss control (Litton, 2009). The 
research problem therefore focused on finding a safe quantitative method of assessing whether 
VBFD was an effective alternative to CO detection for more readily and more quickly locating the 
source of a fixed plant fire. 
 Aims and Objectives 
1.2.1. Aims 
The four main aims of this research were: - 
 
i. To test the hypothesis that fire detection using VBFD associated with fixed plant fires in 
underground mines will more accurately identify a fire source and achieve a significantly 
reduced fire detection response time compared with currently utilised CO detection 
technology, 
ii. To demonstrate quantitatively that the International Fire Engineering Guidelines 2005 
(IFEG) (ABCB, 2005) approach to assessing ASET versus RSET can be effectively applied 
in underground mining to analyse fire safety performance, 
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iii. To test the robustness of a VBFD system under simulated mine conditions in a laboratory 
where the primary mine environmental variables - light level and air velocity, may be 
manipulated to assess smoke detection capability, 
iv.  To subsequently test the VBFD system in an operational underground coal mine for false 
positive alarm rejection and equipment reliability. 
1.2.2. Objective 
The primary objective of the research was to simulate the most common fixed plant fire scenario in 
underground coalmines in a safe and controlled manner, which points to friction initiated fires 
associated with conveyor belt systems, as reported by the Department of Natural Resources and 
Mines (DNRM, 2009). The simulated fire conditions would then be used to test and compare VBFD 
with CO gas detection. This was achieved experimentally by comparing developed levels of CO gas 
from fires with VBFD concurrently monitoring the same fires. The physical mine environment was 
analysed in the context of fixed plant fire detection leading to the development of a representative 
mine fire, referred to as the ‘Design Fire’ outlined in (ABCB, 2005).  The subject design fire 
simulated coal and grease smouldering on an overheated conveyor belt bearing housing 
representative of an actual overheated conveyor belt “drive head” or “loop take up” scenario. The 
design fire was subsequently modelled numerically and validated using the experimental findings.  
 Significance 
In relation to underground mine fire events; gas-monitoring systems are intended for the detection of 
transported CO, primarily emanating from the spontaneous combustion of coal. This type of gas 
monitoring system is not typically designed, intended, suitable or certified for the detection of 
combustion products associated with fixed plant fires. 
 
This research is important as the currently applied CO gas detection technology is unreliable and is 
prone to drift and insensitivity (Chen et al., 2006; Litton, 2009). The current point type CO detection 
technology inherently can only be configured to detect products of combustion at specific points 
within the mine, whereas volume detection based technology assesses the total volume, or a 
significant portion of it, continuously (Chen et al., 2006). 
 
The implications of implementing a VBFD system in an underground coal mine are that 
mineworkers will be warned considerably earlier of potential untenable conditions and can therefore 
respond earlier to mitigate the fire risk by extinguishing or controlling it. Additionally, mineworkers 
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will have more available time to escape prior to the onset of untenable conditions caused by fixed 
plant fires. 
     
VBFD has previously been utilised successfully for a range of technically less onerous fire detection 
applications, such as in road tunnels, power stations (Hou et al., 2011) refuse handling facilities, 
storage warehouses, industrial facilities and wind turbines (Opitz, 2004). The current knowledge of 
VBFD is limited to its application in environments that are much cleaner in terms of airborne 
pollutants and where considerably higher levels of ambient light exist. The experimental results 
obtained through the application of VBFD in underground mining enhances the current body of 
knowledge and in doing so, provides the opportunity for a low cost high value fire safety 
enhancement for underground mines.  
 
In terms of informing policy making, current Australian (NSW-DPI, 2010; Qld_Govt, 2010) and 
various international regulations and standards (NFPA, 1999), prescribe certain fire detection 
technology for use in underground mines. Although VBFD in its basic form, in which it operates in 
the visible light spectrum, may not totally replace CO detection in underground mining, VBFD’s 
improved performance in early detection of smoke and its ability to pinpoint fire sources makes it a 
significant means of improving fire safety and asset loss control. It provides more time for 
mineworkers and mine authorities to react to the early stage of fire emergencies much earlier than 
CO sensors located in typical locations within the mine. 
 
The benefits of this research are readily transferrable to the professional fire safety engineering 
industry and fire protection industry across a wide range of applications. The successful outcome of 
the reliability assessment of this form of emerging technology under onerous mine conditions points 
to the likelihood that VBFD would be as reliable in such dust contaminated atmospheres as it is in a 
range of similar or less onerous environments. Coal handling plant, stockpile processing, power 
station coal bunkering and feeding and a range of similar situations may be well served using VBFD 
as a means of early fire detection (Kuenzer et al., 2007) 
 
In order to share the knowledge obtained from this research, a number of conference presentations 
have been given during the course of the study. It was found that the two primary professional 
disciplines that have had the most interest in this research are Fire Engineers and Mining Engineers. 
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 Rationale 
The simple rationale behind the research is that there is no current effective solution available for 
fixed plant fire detection in mines (Litton, 2009), so considerable benefits can be achieved if VBFD 
is introduced into underground coalmines as an alternative or in conjunction with currently used CO 
detection.  Lives will be saved and significant asset and productivity losses will be averted if earlier 
detection of fires in underground mines can be achieved and controlled (ABCB, 2005). VBFD is 
considered more capable of delivering this early detection outcome compared with fire detection 
technology that is currently or has been used in underground coalmines. 
 
Mine safety can be improved by designing mines using a robust scientifically based methodology for 
quantifying fire detection effectiveness. This VBFD solution provides the required time for 
mineworkers to escape fixed plant fires, within the constraint of the known ASET (ABCB, 2005). 
 
During on-site observations it was found that some mines currently have major fixed plant items, 
such as conveyor belt transfer point locations, which are already monitored by CCTV systems. It 
was considered possible in these mines to readily utilise the existing CCTV infrastructure at a 
relatively low conversion cost (Primalov & Lynch, 2012) to operate as both VBFD and for their 
original purpose of manual monitoring for belt blockages. VBFD is a relatively low cost and 
efficient fire detection solution, so a significant safety and asset loss control benefit can be achieved 
in underground mining through its implementation where CCTV already exists. 
 
The Australian Standards ‘approved’ point type smoke detector is designed, tested and approved for 
the purpose of early fire detection, but intended for use in commercial facilities and not mines 
(SAI_Global, 2004). Commercial smoke detectors are considered the only current, but impractical 
approved alternative to ‘real time’ point type gas monitoring. Point type smoke detectors have 
proven to be unreliable in the mining environment due to their propensity for early failure as a result 
of insensitivity or oversensitivity (Litton, 2009). This situation is primarily due to contamination of 
the sensor elements from coal and mineral dust, as well as airborne diesel fuel particles (Siemens, 
2015). This research therefore focused on a fixed plant fire detection solution with significantly 
greater effectiveness under environmental conditions typically encountered in an underground 
coalmine. 
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 Thesis Structure  
The opening chapters separately address the introduction and the literature review. This approach 
has simplified the task of maintaining the currency of the reviewed literature, as the VBFD subject 
area is a rapidly evolving field of technology, so research literature is constantly being published. 
 
The thesis is broadly separated into three (3) main parts. In Chapter 3  ‘Proof of Concept Tests’, a 
description of the initial Proof Of Concept (POC) experiments carried out to test the concept of 
VBFD at a mines rescue training facility in Wollongong, New South Wales as detailed in Chapter 3, 
is given. The fundamental research question addressed in the POC tests was - ‘If VBFD can 
effectively detect smoke from the early stage combustion of coal under simulated mine conditions, 
then could it be a more effective alternative to current forms of technology used for fire safety and 
asset loss control in operational underground mines?’   
 
In Chapter 4 ‘Laboratory Studies’, a description of the detailed systematic experiments that were 
undertaken aimed at recording the level of CO concurrent at the time of alarm activation of a VBFD 
system are detailed. The tests were carried out under simulated mine conditions within the Safety in 
Mines Testing and Research Station (SIMTARS) facility at Redbank, Queensland, Australia by the 
author. The results and the related aspects of computer simulations of the experiments are reported in 
this part. 
 
In Chapter 5, the detailed operational reliability testing of VBFD at Arnot Power Station in South 
Africa (Eskom, 2015) was analysed and reported. This field analysis demonstrated that VBFD is 
both reliable and effective in detecting simulated fires at conveyor belt transfer points and other 
areas involving fixed plant and coal.  
 
Each main chapter is self-sufficient in terms of its own abstract, introduction, method, results, 
discussions and associated conclusions, however a separate overall concluding chapter is provided 
that amalgamates the foregoing components of the research thesis and makes recommendations.  
 Contribution to Knowledge (Statement of Originality) 
Australian statistical evidence shows that fire starts from fixed plant equipment in underground 
mines, both metalliferous and coal, remains one (1) of the top contributors to fire safety risk and 
asset loss (Qld_Govt, 2015a) in the underground mining sector. Traditional methods for fire 
detection in underground mines employ CO gas sensing systems, which on risk based predetermined 
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levels, cause an alarm to be notified at the Control Room at the surface of the mine from which 
decisions to implement a mine evacuation can be considered and acted upon.   
 
Fixed plant fires have been shown experimentally in these experiments at SIMTARS and subsequent 
numerical CFD modelling based on the SIMTARS experiments, to be types of fixed plant fires that 
do not appear to produce much CO and that the CO produced can take considerable time to migrate 
to CO sensor points typically located some distance from the fire source.  
 
From a Control Room operator viewpoint, it is virtually impossible (Mielli, 2013) to determine the 
source or extent of the fire or its growth rate and for this reason the use of CO detection for early 
growth fixed plant fires is considered fundamentally flawed. VBFD has been utilised in this research 
to provide a much earlier and more reliable form of detection of the subject early growth fixed plant 
fires. 
 
The significant contributions to knowledge are summarised below: - 
 
a) Through experimentation, numerical modelling and analytical assessment that quantified 
how CO detection systems in underground coalmines do not perform as effectively and 
reliably as VBFD, a considerable contribution to fire engineering in underground mining has 
been shown. The subject research showed that VBFD is able to detect fires significantly 
faster, and in terms of the fire source locate the fire, more accurately than currently possible 
through CO detection configured in the typical manner. This finding when implemented has 
the capability of saving lives through earlier notification leading to earlier evacuation and 
earlier extinguishment of fixed plant fires. Through earlier extinguishment, asset loss may be 
more effectively managed. 
 
b) The IFEG (ABCB, 2005) has been shown to be an effective fire engineering approach for 
assessing the fire detection phase of RSET in mining fire engineering.  This IFEG (ABCB, 
2005) approach can now be used as a means of more accurately predicting the time required 
for mineworkers to safely evacuate mines under emergency conditions involving fixed plant 
fires, therefore improving fire safety. The significant contribution to knowledge is that the 
future design of fire safety systems for underground mining using a scientifically based fire 
safety engineering methodology will allow a proactive approach to mine evacuation through 
quantification of the fire risk rather than the current reactive esoteric approach. 
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 Conclusions 
VBFD, an emerging form of CCTV based smoke detection, has been applied to the underground 
coalmine environment and compared with other forms of fire detection to assess early smoke 
detection performance associated with fixed plant fires. Fixed plant fires include such risks as 
conveyor belt component overheating, electrical equipment fires, and refuelling facility fires. 
 
As no formal methodology exists in the mining field to assess such potential improvements to fire 
safety and asset loss control, a commercial buildings and transport tunnel fire engineering guideline 
was applied as a quantitative assessment tool for the subject mining research. This document was the 
‘International Fire Engineering Guidelines’ (ABCB, 2005). 
 
Experimentation and numerical analysis was carried out to identify any weaknesses in the 
application of a VBFD system under both simulated mine conditions in a laboratory and in an 
operational underground coal mine. This research is considered significant, as the limitations of CO 
detection as a means of early fire detection were highlighted by the results of laboratory studies and 
reported in the thesis. VBFD was shown to offer a significant potential improvement to the fire risk 
of mineworkers and mining assets due to early reliable smoke detection. 
 
One of the less obvious advantages of detecting fires much earlier is reducing the impact that fire has 
on the environment. Uncontrolled mine fires are one of the largest contributors to greenhouse gas 
production in the world (Shipp, 2010), so any small step change that can be taken to prevent the 
development of such fires can have a significant impact. 
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Abstract 
The problem of mine fires is not new, however the predominant subjects of mine fire research to 
date relate to the natural phenomenon of spontaneous combustion of coal (Deng et al., 2008). 
Additionally, substantial research has been conducted in relation to explosions of flammable gas 
and/or dust, as released during mining operations (Cliff, David. et al., 1998; Larry Grayson, 
Kinilakodi & Kecojevic, 2009). Neither of these previously well-researched subjects is addressed in 
this thesis.   
 
The nature of the research topic is the early detection of fires associated with fixed plant and 
equipment in underground coalmines, such as conveyor belt systems, refuelling stations, 
transformers or electrical distribution cables. This area of fire risk management in mining is very 
important to life safety and asset loss control (NSW-DPI, 2010) and remains largely unexplored 
from a scientifically based quantitative assessment viewpoint. Ineffective fire detection methods 
present considerable uncertainty to safe mine design (SFPE, 2008). 
 
This literature review has shown that the application of the relatively new professional field of fire 
engineering (ABCB, 1996, 2001) has had little acceptance so far as a means of improving fire safety 
and asset loss control in the underground mining sector using performance based methodology. New 
and emerging forms of fire detection and control do not appear to have been applied to mining, but 
based on a fire engineering approach, this technology has been successfully applied to fire safety and 
asset loss challenges in the commercial, defence, institutional, underground transport, aviation, 
maritime, residential and arrange of other fields (Cote, 2000). 
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2. Literature Review 
 Introduction 
This literature review in Section  2.2 initially addresses the fire related hazards associated with 
underground mining including the physiological impact of fire pollutants, as well as the effect on 
potential escape due to heat and visibility. 
 
Statistics of underground mine related fire incidents are addressed in Section 2.3 and Appendix 1. A 
number of significant mine fire disaster incidents are summarised in this section, as are the findings 
of several Level 1 Emergency Exercises involving hypothetical fire incidents. These events highlight 
the benefit of early fire detection as a means of saving lives and controlling asset loss. 
 
Section 2.4 reviews fire safety and asset loss control related literature. It compares the benefits of 
earlier fire detection in preventing considerable asset loss due to potential structural failure with the 
alternative approach in underground mines where passive fire rated elements are designed to 
maintain the integrity of sealed fires until mineworker evacuation is complete. Section 2.4 further 
reviews the concept of time required for mineworkers to evacuate a mine fire with the available time 
provided as a function of fire detection combined with subsequent warning systems. 
 
Section 2.5 reports on literature that addresses how Australian coal mine fire detection is currently 
managed under typical regulatory regimes and current methods of fire detection used in such mines. 
 
Section 2.6 reviews VBFD research as well as gaps that exist and how the subject research 
represents an opportunity to bridge many of these research gaps, as VBFD has not previously been 
used for the purpose of underground fixed plant mine fire detection. The various methods of 
detecting smoke with CCTV cameras are described in this section. 
 
Section 2.7 reviews the development of fire engineering in Australia and how it may be applied to 
mining, but has not been to any great extent. The subject research is based on the methods typically 
used in commercial fire engineering, which are described in this section. 
 
Section 2.8 reviews literature that applies to the characterisation of fires and is focussed on 
underground fixed plant mine fires. It describes how Computational Fluid Dynamics (CFD) is used 
to simulate fires and how critical this is to underground mine fires, as experiments involving fires in 
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operational mines cannot practically be carried out in Australia for safety reasons. It also identifies 
how facilities that allow significant fires in underground mines to be simulated are not available. 
 
Section 2.9 reviews the experimental method that may be applied to the subject research so as to be 
compliant with the restrictions on testing VBFD in mine-like environments.  
 
Section 2.10 reviews the limited available literature that reports on the tenability of underground 
mines in fire situations, specifically in relation to smoke movement. It reports on related smoke 
control literature that exists within the commercial and underground transport tunnel sectors. 
 
Section 2.11 describes the relationship between underground transport tunnel fire engineering and 
how it may assist as a method to assess fire tenability in underground mines. 
 
Section 2.12 summarises literature that addresses the most beneficial direction of VBFD research in 
relation to mining so as to understand how it can be used to save lives and protect assets through 
earlier warning of fires in underground mines. 
 
Section 2.13 describes information sourced from non-literature, that is from personal 
communications with industry experts in both mining and VBFD, with Section 2.14 reporting on 
information sourced from conference presentations the author has been involved in during the thesis 
candidature. 
 
Section 2.15 outlines conclusions resulting from the literature review in the form of several key 
research questions. 
 Smoke and Fire Hazards in Underground Mines 
Significant air velocity combined with non-flaming low intensity fires from typical fixed plant and 
equipment makes early fire detection very difficult in underground mining (NSW-DPI, 2010). The 
fixed plant equipment associated with such fires typically includes conveyor systems, refuelling 
stations and electrical installations, but it is not limited to these examples. Innocuous smouldering 
fires from seemingly low hazard fixed plant have led to significant fatalities (Mitchell, Driscoll & 
Harrison, 1998), as whilst the early fire growth period may occur unnoticed over a period of days, 
once the appropriate combustion conditions in the mine environment are met, rapid fire growth may 
eventuate with untenable conditions developing quickly (Kininmonth & Fisher, 1981). 
 
 
 
 
15 
 
CO monitoring is typically used for fire detection in underground mines, but is considered 
ineffective by the National Institute of Occupational Safety and Health (NIOSH) (Litton, 2009), so 
this review in part, reports on the capabilities and limitations of the currently applied gas monitoring 
technology used in underground mining. It further addresses the emerging VBFD technology, which 
applies Closed Circuit Television (CCTV) cameras in conjunction with smoke recognition software 
(Aird & Brown, 1997). It is postulated in this thesis that VBFD is a solution to the problem of very 
early smoke detection from fires associated with fixed plant, such as overheated bearings and rollers 
compared with presently used forms of fire detection. 
2.2.1. Typical Hazards Associated with Fixed Plant Fires 
Internationally, fatalities occur on a regular basis resulting from fires in the various sectors of 
development including, but not limited to: domestic, commercial, industrial and mining sectors. 
Fatalities due to fires are primarily the result of exposure of humans to untenable physiological 
conditions in any of the aforementioned environments.  
 
Tenability in fire scenarios can result from one or a number of factors, such as the toxic effect of 
pollutants and gases of combustion, radiant heat exposure or exposure to direct flame impingement. 
The effective avoidance of untenable conditions by occupants of such structures, tunnels or mines, is 
only as effective as their ability to achieve adequate separation from the fire source, including from 
transported smoke and other products of combustion beyond the fire source (Klote & Milke, 2002). 
  
 
 
 
 
16 
2.2.2. Effects of Heat 
The effects of heat on human skin are directly related to the heat flux and the duration of time that 
the skin is exposed to the heat (Assael, Konstantinos & Kakosimos, 2010). The order of damage to 
skin ranges between First Degree (i.e. damage to the first layer of skin, the Epidermis), Second 
Degree (i.e. damage to the second layer of skin, the Dermis) and Third Degree (i.e. damage to the 
inner layer of skin, the Subcutaneous) as shown in Figure 1. 
 
 
Figure 1: Types of Burns 
2.2.3. Exposure to Heat 
Heat Flux is the rate of heat energy transferred per surface unit area - kW/m2 (NIST, 2015).  
 
The intensity of the sun's radiation is approximately 0.8-1 kW/m2. When calculating 
the distances that correspond to specific thermal radiation intensity limits, the 
intensity of the sun's radiation should also be added. For example, if the calculated 
from mathematical models heat flux 100 m from the flame's surface is 2 kW/m2, the 
actual heat flux to which people are subjected in this distance (taking the sun's 
radiation into consideration) is about 2.8-3 kW/m2. The value for the sun's radiation 
usually employed in calculating effects on people is equal to 1 kW/m2 (Assael, 
Konstantinos & Kakosimos, 2010). 
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The relevance of radiant heat flux associated with fire hazards to both mineworkers and mine plant 
and equipment becomes evident when higher orders of heat flux effects are considered.  
 
Figure 2 shows the effects of heat flux on humans where the intensity is between 1.6 kW/m2 and 
37.5 kW/m2 with the former being an acceptable limit for a prolonged exposure and the latter being 
100% fatal in one minute of exposure (Assael, Konstantinos & Kakosimos, 2010). 
 
 
Figure 2: The effects associated with heat flux 
 
Note that effects on materials are also provided and at 12.5 kW/m2 plastic tubes and pipes 
may melt and at 37.5 kW/m2, significant equipment damage can result. The impact of these 
effects on material may be that of either asset loss or human impact, especially where toxic 
fumes may result from the degradation of some polymers and plastics (Assael, Konstantinos 
& Kakosimos, 2010). 
2.2.4. Exposure to Toxic Vapours and Gases 
In the context of underground mine fires and specifically fires associated with fixed plant, including 
conveyor belt systems, electrical transformers, underground vehicle diesel refuelling stations, 
trailing cables, underground workshops and associated equipment, the types of materials that might 
be involved in fire are quite widespread. In coalmines, obviously there is potential for combustion of 
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the coal as well as fixed plant equipment as evident in numerous mine disaster reports (Kininmonth 
& Fisher, 1981) (US_Congress, 2008). 
 
Carbon Monoxide 
 
Carbon Monoxide (CO) is present in all fires to varying amounts and is considered one of the two 
most common asphyxiating gases associated with fires, with the other gas being hydrogen cyanide 
(HCN) (Purser, 2002). 
 
CO is considered to be one of the most significant indicators of fire in underground mines, and as 
such has mandated requirements for its monitoring and measurement in Australian and many 
international mines (NFPA, 1999; Qld_Govt, 2010). 
 
Carbon monoxide combines with haemoglobin in the blood to form carboxyhaemoglobin 
(COHb), which results in a toxic asphyxia because it reduces the amount of oxygen supplied 
to the tissues of the body, particularly brain tissue. Tissue oxygen supply is reduced because 
the amount of haemoglobin available for the carriage of oxygen (in the form of 
oxyhaemoglobin) is reduced and also because the ability of the remaining oxyhaemoglobin to 
release oxygen to the tissues is impaired. 
 
The affinity of haemoglobin for CO is extremely high, so that the proportion of haemoglobin 
in the form of carboxyhaemoglobin increases steadily as CO is inhaled. The toxicity of CO 
therefore depends upon the accumulated dose of carboxyhaemoglobin, which is expressed in 
terms of the percentage of total haemoglobin in the form of carboxyhaemoglobin, (% 
COHb). There is little doubt that CO is the most important asphyxiant agent formed in fires. 
In the Strathclyde pathology study lethal levels (B501 percent COHb) were found in 54 
percent of all fatalities, while some percent of fatalities had carboxyhaemoglobin levels 
capable of causing incapacitation (B302 percent COHb). Incapacitating levels of 
carboxyhaemoglobin are also common in victims surviving immediate fire exposure. Carbon 
monoxide is therefore particularly important because: 
 
1. It is always present in fires, often at high concentrations. 
2. It causes confusion and loss of consciousness, thereby impairing or preventing 
escape. 
                                                
1 Percentage of total haemoglobin in the form of carboxyhaemoglobin. 
2 Percentage of total haemoglobin in the form of carboxyhaemoglobin. 
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3. It is the major ultimate cause of death in fires.  
(Purser, 2002) 
 
Hydrogen Cyanide 
 
Hydrogen cyanide (HCN) has been measured in the blood of both fatal and nonfatal fire 
victims. However, in the Strathclyde fire fatality study high concentrations of hydrogen 
cyanide in the blood of victims were usually associated with lethal levels of 
carboxyhaemoglobin, so that the role of hydrogen cyanide as a cause of incapacitation 
was difficult to determine. It is also difficult to relate blood cyanide levels from samples 
collected after a fire to likely HCN exposure, since the dynamics of HCN uptake and 
removal from the blood are poorly understood. Although the ultimate effects of HCN 
exposure (consisting of unconsciousness with cerebral depression) are similar to those 
produced by CO, the pattern of toxicity during the early stages is very different. While 
the onset of CO intoxication is slow and insidious, HCN intoxication tends to be rapid 
and dramatic (Purser, 2002). 
2.2.5. Lung Irritancy 
In addition to asphyxiation hazards presented to mineworkers in underground mines from fire 
products of combustion, other vapours classified as irritants have the effect of causing lung 
inflammatory reactions. The mine fires that the subject research focuses on involve the early 
smouldering combustion of coal on overheated surfaces, such as bearing housings, so it is interesting 
to note that ‘These atmospheres produced by the non-flaming oxidative decomposition of materials 
are always the “worst case” for any material in terms of irritant potency’ (Purser, 2002). 
 
Typical irritant compounds include acrolein and hydrogen chloride, however Figure 3 provides a 
more comprehensive list of irritants and compares their pyrolysis yields with oxidation yields. It is 
important to note that the long smouldering combustion periods typical of fixed plant fires are 
representative of high irritant yields associated with non-flaming pyrolysis fires. 
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Figure 3: Typical Irritant Products of Combustion 
2.2.6. Visibility 
Research by Jin (2002) at Japan’s National Research Institute of Fire and Disaster provided 
interesting results that are applicable to typical underground mine scenarios. Jin’s (2002) motivation 
to carry out experimental research into human factors associated with evacuation on fires was based 
on the following: -  
 
In Japan, since the 1960s, an increasing number of people have been killed by smoke in fire-
resistant buildings. Toxic gases and/or depletion of oxygen in fire smoke are the final causes 
of death of those victims. However, many evacuees are trapped in an early stage of fire by 
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relatively thin smoke, and loss of visibility is an indirect but fatal cause of death. For this 
reason, the relations between the visibility and optical density of fire smoke were examined 
experimentally, and practical equations were proposed. For further understanding of human 
behaviour in fire smoke, many investigations were conducted by interviewing evacuees and 
analysing questionnaires. Also, experimental research was carried out with subjects under 
limited fire smoke conditions and the threshold of fire smoke density for safe evacuation was 
examined. 
 
The research conclusions were as follows: -  
 
1. The relationship between smoke density and visibility in fire smoke was examined under 
various kinds of smoke, and simple equations were proposed for practical use (not shown). 
2. The visibility in fire smoke depends on its irritating nature as well as the optical density of 
the smoke. Increasing irritating effect causes a rapid drop of visual acuity. A modification 
due to irritating effect was made for the visibility versus smoke density equation. 
3. Evacuees begin to feel emotional instability in relatively thin smoke; however, the threshold 
of smoke density varies with the subject. Through experiments and investigations, it was 
found that the level depended on the degree of evacuees’ familiarity of the internal geometry 
of a building on fire. Evacuees in unfamiliar buildings tend to feel emotional instability in 
thinner smoke. 
4. Ability of evacuees to think clearly when exposed to fire smoke decreases with increasing 
smoke density. Generally, both psychological and physiological effects on evacuees cause 
this. Also, in due course, hot smoke causes a further decrease of thinking ability. 
5. Conspicuousness of the ordinary exit sign was improved by a flashing light source sign or by 
adding a flashing light source in conditions where there were many other light noises. 
6. A new traveling flashing light source toward exits was developed for escape guidance in fire 
smoke with its effectiveness examined in a smoke-filled corridor. This new system is 
expected to maintain high and stable escape guidance, even in relatively thick smoke. 
(Jin, 2002) 
 
The hazard implications of reduced visibility in fires for underground mineworkers relate to the 
potential for the smoke to contain irritant gases and vapours. Whilst mineworkers are generally 
provided with Personal Protective Equipment (PPE), which includes Self Rescuers  or Contained Air 
Breathing Apparatus (CABA), donning of this equipment often occurs in smoke impacted locations 
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and changeover from Self Rescuers to CABA often occurs in irritant contaminated atmosphere, 
therefore exposing the mineworker to the irritant gases in potentially low visibility space (Conti et 
al., 2006). 
 Underground Mine Fire and Smoke Incidents and Issues  
The problem of mine fire and smoke incidents has become such an important issue worldwide that 
the National Institute of Occupational Safety and Health (NIOSH) in the United States of America 
(U.S.A) now have a mandate under the MINER legislation to improve mine safety through research, 
including fire detection research (Esterhuizen & GuÌrtunca, 2006). 
 
The early detection of fires in mines is a very important factor for saving lives and for the control of 
asset loss. Significant underground losses have been attributed to conveyor belt fires causing 
production delays and the subsequent costs associated with the rectification of the conveyors 
themselves (Whillier, 1978). Incidents involving fire in mines are considered ‘High Potential 
Incidents’ (HPIs) as they have the potential to cause a significant adverse effect on the safety or 
health of a person, a fatality or multiple fatalities (Qld_Govt, 2015a). 
2.3.1. High Potential Incidents (HPIs) 
HPIs include, but are not limited to the following types of events (Qld_Govt, 2015a): - 
1. Biological 
2. Hot surface/material 
3. Lightning strike 
4. Gas outbursts 
5. Chemical (Use of, or exposure to) 
6. Explosion 
7. Physiological/Psychological 
8. Spontaneous combustion 
9. Gas ignition 
10. Noxious/Asphyxiating gas 
11. Inrush / Inundation 
12. Winding, haulage or conveyor 
13. Use of explosives 
14. Person Falling 
15. Falls or slips of ground 
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16. Physical work environment 
17. Hydraulics/Compressed Air 
18. Falling or Flying Material 
19. Vehicle 
20. Fire 
21. Equipment/Structural failure 
22. Mobile Plant 
23. Other 
24. Loss of control / Unplanned movement 
25. Electrical 
 
Fires are considered HPIs as fires have the potential to have a severe adverse effect and even cause 
multiple fatalities. This is particularly the case in underground mines and primarily due to the typical 
inability to achieve adequate separation by mineworkers to untenable conditions in a timely manner. 
In other words, if the RSET exceeds the ASET (ABCB, 2005), then mineworkers may come in 
contact with the products of combustion. This is the case for both underground metalliferous mines 
and underground coalmines. 
 
Fires, as a general HPI type provided in typical mine safety statistics, inherently include both fixed 
plant fires involving conveyor belt incidents for example, and non-fixed plant events, such as mobile 
plant fires. The subject research addresses the fixed plant fire incidents only, with the following 
statistics being indicative of the significance of such fixed plant fires. Detailed statistics specifically 
relating to fixed plant fires were unavailable, however an understanding of the frequency of such 
events can be inferred from the available information. In Australia, the Queensland Government 
‘Department of Natural Resources and Mines’ (DNRM) collects data relating to HPIs for both coal 
and metalliferous mines – underground and surface as well as other information. 
 
The statistics shown in the Appendices are for the period 1 July 2009 to 30 June 2014, show both 
breakdowns and trends of underground HPIs separately in both metalliferous, and coal 
environments. (Qld_Govt, 2015a) 
 
Appendix 1, Figure 87 and Figure 90 show breakdowns of High Potential Incidents as reported for 
both coal and metalliferous underground mines respectively. Also Appendix 1, Figure 88 and Figure 
 91 show reported HPIs for underground coalmines and underground metalliferous mines 
respectively, whilst Figure 89 and Figure 92 show actual incidents from underground coalmines and 
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underground metalliferous mines respectively. It is important to note that fire related HPIs are 
significant in both the coal and metalliferous underground mines and in both cases fall within the top 
five most frequently reported events. In the case of metalliferous underground mines, fire events are 
the second highest reported HPI hazards and were the most frequent HPI incidents in the 2009-10 
period, which was the year that the subject VBFD research commenced (Qld_Govt, 2015a). 
2.3.2. Fire Incidents in Underground Mines 
Whilst some significant mine fires resulting from fixed plant sources have been revealed from the 
literature review it has not yielded defining information in relation to the form of early fire detection, 
if any, for the cited mine fires. The purpose of this section of the thesis is to provide some insight 
into the potential life safety and asset loss risk associated with fixed plant fires in underground. The 
following is not an exhaustive list of fires in underground mines, which were caused or possibly 
caused by overheating of fixed plant equipment, but is a summary of such incidents, with a more 
detailed description extracted from original mine disaster reports provided in Appendix 1. 
 
North Mount Lyell Mine Fire - (Copper Mine) 
 
Summary:  Mine fire involving pump house 
Number of fatalities:  42 
Type of incident: Fire 
Significance:   Demonstrates the capacity for significant fixed plant fires to have fatal 
consequences when disorientation and products of combustion go undetected. 
 
The North Mount Lyell mine fire occurred in October 1912 and whilst there was no form of fire 
detection at that time even vaguely resembling anything like we know it as today available, this 
example remains useful in clearly demonstrating the potential for rapid fire spread in underground 
mines and the need for early fire detection and the current capability for activation of automatic fire 
suppression or instigating manual fire intervention (MSIA, 2015).   
 
 
Aracoma Alma Mine Fire – (Coal Mine) 
 
Summary:  Conveyor belt fire, causing smoke to leak into fresh air intake 
Number of fatalities: 2 
Type of incident: Fire 
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Significance: Disorientation of mineworkers in dense smoke combined with toxic products 
of combustion leading to fatalities.  
 
Mine conveyor belt fires have significant potential to spread fires either as a result of combustion of 
the coal being transported on the belt system or where combustible belt material is used in the 
belting, via the belt itself. The Aracoma Alma mine fire is an example of a combination of both 
conveyed coal being ignited as well as the belt material used in the conveyor belt. As was found with 
the Aracoma Alma mine fire, smoke spread was the primary contributor to untenable conditions 
within the mine. Would fire detection with the capability to detect smoke in its incipient stage of 
combustion have averted the fatalities associated with this event? (US_Congress, 2008) 
 
Belle Isle Mine Fire – (Salt Mine) 
 
Summary:  Mine fire in lower mine with undefined cause 
Number of fatalities: 21 
Type of incident: The source of fire was not determined, however was considered to be either an 
electrical fire or due to hot work (oxy acetylene cutting). 
Significance: 20 mineworkers died from CO poisoning, 1 from skull fracture. As the source 
of the fire was unknown it is assumed that inadequate early fire or CO 
detection was available. 
 
Significant fires having the potential to lead to multiple fatalities always fall within the realm of coal 
mining. The Belle Isle mine fire involved a fire of unknown origin within a salt mine. Salt mines 
utilise a significant amount of timber due to the corrosion effects of salt on steel. As a result, a 
substantial fire load may be present in salt mines, so without appropriate early fire detection and the 
required level of fire suppression, untenable conditions may occur rapidly and so the ASET may be 
quite short. 
 
Sunshine Mine – (Silver Mine) 
 
Summary:  Fire in lower workings of mine with undefined cause. 
Number of fatalities:  91 
Type of incident: Fire of undetected source caused CO poisoning of mineworkers and 
subsequent fatalities. 
Significance: Early fire detection and way finding assumed not to be implemented as fire 
source unknown. 
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The 1972 Sunshine Mine fire resulted in the death of 91 mineworkers with its origin remaining 
unknown. The primary cause of fatalities resulted from exposure to smoke and CO. It is believed 
that when sufficient heat and fire had burned through a wooden bulkhead on the 3400 level 09 drift 
causing the bulkhead to collapse, smoke and gases were then picked up by the exhaust ventilation 
system and recirculated down the 910 raise and other raises along this route to the 3700 level and 
throughout the general working areas of the mine. It is considered that the collapse of this bulkhead 
caused a short circuit of the ventilation, thus allowing the exhaust air to become the main source of 
air movement in the intake or fresh air system (USMRA, 2015). 
 
Appin Colliery Belt Drive Fire – (Coal Mine) 
 
Summary:  Conveyor belt fire with significant spread to surrounding coal floor and ribs. 
Number of fatalities: Nil 
Type of incident: Fire associated with belt and nearby coal caused by overheated belt idler. 
Significance: This event, whilst non-fatal, was clearly significant based on the findings of 
the investigation, which recommended early fire detection and available high 
expansion firefighting foam. 
 
This significant Australian coal mine fire again highlighted the need for early fire detection, the 
provision of access to the seat of fires from at least two sources and for appropriate firefighting 
capability, primarily by means of foam suppression. This belt fire occurred in 1976 and it was noted 
that the heat from a collapsed belt idler may cause smouldering which is difficult to detect but which 
may last several days in coal spillage and result eventually in development of open flames.  
 
The circumstances outlined highlight the need to report and fully investigate even seemingly minor 
incidents of localised hot spots near coal spillage (Qld_Govt, 2015b). 
 
It is suggested that the probability of early fire detection located at conveyor belt transfer points 
would have been advantageous in averting this mine disaster and restoring the line to full operation 
within a very short time of detection of smoke on the faulty transfer belt component that lead to the 
significant mine fire. 
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Wilberg Mine – (Coal Mine) 
 
Summary: Fixed plant fire (compressor) caused spread of fire to roof of coalmine and 
subsequent roof collapse and a plug of poisonous gas along the drift. 
Number of fatalities: 27 
Type of incident: Fire 
Significance: As no early fire detection was present, mineworkers had no warning of the fire 
source or its growth. In a similar situation today, VBFD could be utilised in 
conjunction with automatic fire suppression to detect and control the fire. 
 
At about 9:00 pm on Dec. 19 1984 a fire started in an air compressor at Wilberg Mine, USA.  The 
fire quickly spread, destroying aluminium overcast, blocking the designated escape way. 27 persons 
perished in the fire and the mine had to be sealed at the surface when the bodies were recovered 11 
months later (US_Congress, 1988).  
 
Once a fixed plant fire commences, it’s possible that considerable coal and other combustible items 
in the vicinity of the plant will become involved in the fire, as was the case at Wilberg. The fire may 
not spread quickly, however if it continues unnoticed it may become quite large before mineworkers 
become aware of the outbreak. If early fire detection is not available, the first exposure to the fire by 
mineworkers might be to a large plug of smoke and other products of combustion travelling towards 
an oxygen source. If mineworkers are unprepared for conditions of very low visibility, toxic 
atmosphere and increased heat, confusion in relation to safe evacuation can occur (SFPE, 2008). 
 
VBFD offers the potential to detect fires at the earliest stage of combustion prior to the occurrence of 
flames and allows earlier fire intervention to fight (extinguish) fires and to evacuate in tenable 
conditions. 
2.3.3. Simulated Emergency Evacuation Exercises 
Simulated mine emergency evacuations are carried out under legislative requirements in some States 
and Territories in Australia and internationally. The purpose of these exercises is to prepare miners 
and mineworkers in emergency response over a wide range of possible emergency scenarios. 
Interestingly, some of the principal hazards associated with mine fires, such as low visibility and 
direction finding, even under simulated conditions, are reported to become very realistic and as such  
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highlight potential opportunities for improvement without the mineworkers having to experience the 
untenable conditions of a genuine mine fire or similar event. (Qld_Govt, 2015b) 
 
A significant number of Queensland Government reports (Qld_Govt, 2015b) on simulated ‘Level 1 
Emergency Exercises’ were reviewed to exclude reports based on scenarios involving fires not 
associated with fixed plant, as fixed plant fires are the subject of this thesis. A selection of simulated 
emergency evacuation exercises involving fixed plant fires and therefore, applicable to early fire 
detection, are summarised as follows and reported in detail by means of extracts from the 
Queensland Government Level 1 Exercise Reports (Qld_Govt, 2015b) included in Appendix 1. 
 
Kenmare Mine – (Coal Mine) Level 1 Simulated Emergency Exercise 1999 
 
The Kenmare simulated emergency utilised a fixed plant fire based on the 1976 Appin Colliery 
conveyor belt fire scenario. Some significant trip hazards existed along the conveyor belt roads, 
which under poor visibility became a major hazard (Qld_Govt, 2015b). 
 
Relevance to thesis: In this exercise it is seen that poor visibility, even though simulated by means of 
obscured mineworker safety glass lenses, significantly reduces the ability for mineworkers in smoke 
laden air to successfully evacuate to a place of safety. Earlier identification of the fire source at a 
point of fire development well before its fully developed stage provides more available time for 
evacuation or earlier fire intervention. 
 
Newlands Mine – (Coal Mine) Level 1 Simulated Emergency Exercise 2000 
 
The Newlands Mine emergency simulation was based on a transformer fire, which subsequently 
ignited coal in the roof and ribs of the roadway. The fire grew rapidly as it consumed fuel in the roof 
and ribs and spread throughout the cut-thru. Combusting coal in the roof eventually burnt through 
the tube bundle monitoring lines (Qld_Govt, 2015b). 
 
Relevance to thesis: It is possible that VBFD strategically located at significant fixed plant locations 
would have been a means of capturing the location and extent of the fire prior to its significant 
growth and subsequent destruction of the CO monitoring systems sensor tubes.   
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Moranbah North – (Coal Mine) Level 1 Emergency Exercise 2005 
 
Simulating an incident where an Eimco loader carrying Polyurethane resin and two cans of diesel 
collided with a transformer triggered the emergency exercise. The collision caused damage to a 
high-tension cable, which arced and ignited the PUR and diesel mixture as well as tripping all 
underground power (Qld_Govt, 2015b). 
 
Relevance to thesis: VBFD located strategically in the mine workings in vicinities where smoke can 
be readily detected can facilitate earlier fire intervention prior to visibility being reduced to such an 
extent that mineworkers and mines rescue become readily disorientated. 
 
Newlands – (Coal Mine) Level 1 Emergency Exercise 2008 Scenario 
 
The emergency was caused by a contractor who, on a late Friday afternoon using his heavy rigid 
tanker truck delivered approximately 2,000 litres of fuel to a bulk fuel storage facility located in the 
open cut within 100m of the main portal. While driving down the ramp, the truck’s brakes failed 
causing the truck to gain speed finally colliding with some infrastructure at the bottom of the ramp. 
Due to the severe impact, the truck rolled over, the tank ruptured and fuel was spilt. Shortly 
afterwards the fuel ignited and commenced to engulf the vehicle (Qld_Govt, 2015b). 
 
Relevance to thesis: Smoke drawn into a portal can be detected using VBFD such that control room 
operators can readily assess whether or not the smoke source is internal or external. Given this 
information, instructions can be provided to mineworkers within the mine to relocate to a place of 
safety such that conditions remain tenable, or an alternative primary escape road. 
 
Caledon Coal Underground - (Coal Mine) Level 1 Emergency Exercise 2009 
 
The following scenario typifies the problem associated with conveyor belt fires in underground 
mines and is a very good example of how Video Based Fire Detection (VBFD), the subject of this 
research, might provide an effective solution for managing life safety risks and asset losses. 
 
The scenario involved ignition of coal fines around a hot conveyor belt idler, on the main decline 
conveyor belt, near pit bottom (Qld_Govt, 2015b). 
 
Relevance to thesis: Statistics indicate that one (1) of the most common sources of fire in 
underground mines is associated with conveyor belts (Qld_Govt, 2015a) and typically this relates to 
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overheated bearings and idlers associated with conveyor belts, particularly at transfer points. VBFD 
located at such points can potentially provide very early detection of smouldering coal on hot 
conveyor components and subsequently warn mineworkers before the fire becomes large and 
unmanageable. This is the primary focus of the subject research. 
 
Kestrel South Mine – (Coal Mine) 2014 Level 1 Mine Emergency Exercise 
 
The scenario for the exercise was based upon an underground conveyor overrunning and creating a 
pile up of coal at the end of the shift at the transfer of the main underground conveyor and the drift 
conveyor. A faulty conveyor belt idler was the ignition source for the coal, which quickly escalated 
into a coal spillage fire. The pollutant from the fire quickly spread around the mine creating the 
requirement for an evacuation by coal mineworkers using Self-Contained Self-Rescuers (SCSR) and 
Compressed Air Breathing Apparatus (CABA). Some opportunities for improvement coming out of 
this exercise and some of which are related to the subject thesis include:- 
 
1. Kestrel does not presently have Closed Circuit Television (CCTV) facilities in place in 
critical areas to aid in the detection and assessment of fires from the surface. 
2. Review firefighting risk assessments including: training and determine equipment 
requirements of fire crews, consideration of clothing and CABA, as well as for the 
deployment of firefighting teams following evacuation of the mine including the review of 
the QMRS Mine Re-Entry Assessment System (MRAS) approach. 
3. Review mine site fire procedure to identify the need to generate appropriate gas data as soon 
as possible and the data is used for the control fire-fighting activities and mine re-entry. 
(Qld_Govt, 2015b) 
 
Relevance to thesis: It was interesting to note that the mention of CCTV facilities being incorporated 
into mines by emergency exercise assessors at Kestrel. VBFD is based on CCTV systems, so a 
potential low cost high value upgrade from basic CCTV systems is to provide VBFD analysis in 
conjunction with existing technology. 
 Fire Safety and Asset Loss Control 
The National Fire Protection Association (NFPA) Fire Protection Handbook 18th Edition (Cote 
2000), highlights the importance of minimising the time taken between the onset of fire and the 
response of detection and subsequent alarming to occupants to signal evacuation. The importance of 
fire evacuation in relation to mine safety remains current and relevant and is discussed in more detail 
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in this literature review. Additionally, the ‘NFPA Handbook’ (Cote 2000) recommends a range of 
detection options for fire detection and warning in mines and the appropriate placement of detection 
points within the mine space. The spacing requirements between individual ‘point type’ smoke, heat, 
gas and flame detectors is generally a compromise between fire detection efficiency and cost 
(NFPA, 2015) once compliance and certification has been achieved. Nevertheless, fire detection 
system effectiveness plays a significant part in determining how much evacuation time is available 
for miners to escape a mine fire.  
 
The general approach to fire detection using point type detectors has remained relatively unchanged 
since the 11th Edition of NFPA Fire Protection Handbook of 1954 (Moulton, 1954). The prescribed 
placement of fire detectors is generally based on the results of product development field-testing by 
manufacturers. Much of this work has been undertaken independently by organisations, such as the 
NFPA in the USA to establish standards. 
 
Prescribed fire detector point placement is provided in the standard - NFPA 123: Standard for Fire 
Prevention and Control in Underground Bituminous Coal Mines, 1999 Edition (NFPA 1999) for 
U.S. underground coal mines. This standard is often specified for mines with ownership or insurers 
located in the USA (NFPA, 1999). 
 
In terms of asset loss control, if the fire grows under these conditions, increasing levels of 
firefighting and suppression capacity is consequently required to control the increasingly larger and 
advancing fire spread (Cote, 2000). It follows that a delayed response to fire intervention will lead to 
increased loss potential from the fire spread. This subsequently has the potential to place intervening 
fire fighters at risk due to having to fight a larger than otherwise necessary fire. 
 
The transport delay of the smoke, gas or heat to the nearest point type smoke sensor or multipoint 
aspirated smoke detection sensing hole defers the initiation of a fire alarm and subsequently impedes 
the commencement of evacuation (Klote, Beyler & Milke, 1993). As a result of the potentially 
delayed response to a growing fire, the Required Safe Evacuation Time (RSET) period is 
unnecessarily extended as the detection time is delayed (ABCB, 2005). If RSET extends beyond 
Available Safe Evacuation Time (ASET), mineworkers may be exposed to potentially untenable 
conditions whilst attempting to escape the mine. Even with re-breather units and CABA, conditions 
can become untenable for escaping mineworkers in fire situations (Qld_Govt, 2015b). 
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2.4.1. Benefits of Earlier Fire Detection 
Observations indicate that mineworkers in Australian underground coal mines appear to currently 
rely on CO monitoring as their sole means of fire detection. Some senior mineworkers have even 
reported that they prefer to rely on olfactory sensing as their primary fire detection method, which of 
course is subject to the capability of humans to perceive and react accordingly (J. Hart 2013, pers. 
comm., 23 January). 
 
Full containment versus uncontained early detection 
 
It was determined (Mendham & Hart, 2013) using numerical CFD modelling that VBFD could 
outperform traditional CO sensing in a scenario where a fire was allowed to develop and grow 
behind a passively sealed beltway section that extended above a cut through of a primary escape 
route in a working underground coalmine. The sealed section was assumed to eventually fail after a 
period of time following full fire growth based on typical fire resistance levels for this type of 
construction (SAI_Global, 2005). This failure would subsequently allow smoke and other mine fire 
pollutants, including CO, to rapidly migrate in significant volume from the failed section of sealed 
beltway into the mine workings. Two comparative trial fire engineering designs were postulated so 
as to initiate evacuation of mineworkers, the first using CO detection and the second using VBFD. 
 
Example Trial Design 1:  Full Containment  
 
Trial Design # 1: This design outlines a passive fire protection barrier solution. This design was not 
experimentally assessed due to practicality and cost, so a number of assumptions based on a 
prescriptive trial design of such an installation were made (J. Hart 2013, pers. comm., 23 January). 
 
The passive protective fire barrier would typically comprise a steel and concrete enclosure around 
the exposed conveyor belt section at the cut through in the primary escape way. The actual integrity 
of the barrier would be subject to the specific design. Exposed steel was considered a significant 
limiting factor, particularly temperatures above 500 C, typical of an intense coal fire.  
 
Collapse of the fire protection barrier into the escape way would be likely after such structural steel 
failure, subsequently blocking the escape way. Assumptions were made in the development of this 
trial design, as follows: - 
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Assumption A: It was assumed that the Fire Resistance Level (FRL) of the passive fire barrier is 
120/120/120 (Refer - Abbreviations and Terms Used), potentially providing the equivalent of a two 
hour fire rating based on furnace tests of similar structural elements used in passive fire protection 
barrier construction (SAI_Global, 2005).The ASET period, discounting factors such as visibility and 
toxicity of the mine environment as a result of the concealed fire, is no greater than two hours. 
 
Assumption B: It was further assumed that notification of the developing fire occurs much earlier 
than the time taken for the passive fire barrier to fail. Detection of the fire would most likely occur as 
a result of miners ‘smelling’ the combustion products remotely from the fire source and possibly 
from downwind detection of CO. Conservatively, the time period between fire initiation and miners 
becoming aware of a fire somewhere in the mine, otherwise referred to as the detection time, is 30 
minutes. 
 
Example Trial Design 2:  Unconcealed Early Fire Detection 
 
This design requires a fire detection methodology that achieves a very fast response to the 
characteristics of pyrolate plumes defined by the subject design fire. That is, early smoke detection.     
 
Using VBFD, the plume was typically detected within three minutes of the development of a 
pyrolysis plume as shown in Figure 4.  
 
On smoke detection, the VBFD system would be able to automatically generate a fire alarm, which 
can initiate evacuation cues. VBFD also provides images of the fire to the control room and could 
distribute accurate location information and images direct to Mines Rescue personnel. Based on 
experimental data and modelling, the associated CO monitoring in the vicinity of the VBFD within 
the simulated mine scenario will not typically detect CO at the time VBFD activation. 
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Figure 4: Detection of Pyrolysis Plume by VBFD 
 
Comparative Assessment 
 
It is arbitrarily assumed for the purpose of illustrating the assessment methodology, that the RSET 
was 90 minutes, based on the location of mineworkers, means of egress (i.e. walking or by vehicle), 
the availability of CABA.  Mineworkers therefore required 90 minutes to safely evacuate the mine to 
a place of safety. 
 
Results summary 
 
1. The ASET period was 120 minutes based on a typical 120 minute FRL (Refer - 
Abbreviations and Terms Used) of the passive fire barrier. (Note – even though the barrier 
would remain intact for 120 minutes, smoke would be release from minor openings in the 
typical barrier), however the early effects of smoke and toxic gas would be counteracted by 
the use of Self Rescuers and CABA. 
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2. The detection time using example trial design #1 ‘Passive Fire Protection Barrier’ is 30 
minutes. 
3. The detection time using example trial design #2 ‘Early Fire Detection” is 3 minutes. 
4. The RSET is 90 minutes. 
 
Conclusions 
 
1. If mineworkers delayed their escape for any reason in the situation where reliance on the 
‘Passive Fire Protection Barrier’ existed, injuries or fatalities might eventuate, as ASET 
would be exceeded. 
2. If mineworkers relied on ‘Early Fire Detection’, a safety factor of 27 minutes is available. 
3. The ‘Early Fire Detection’ scenario using VBFD also would allow immediate identification 
and a visual image of the fire location assisting evacuation management. 
 
This example shows that there are at least three ways on how fires could be managed in underground 
mines: - 
 
1. Fire detection using CO monitoring; 
2. Fire protection using passive fire separation; and 
3. A risk based approach using current/emerging technology (VBFD) and fire engineering 
strategies.  
 
Early fire detection and mine escape is typically not considered by mines regulators in Australia as 
an alternative to providing passive fire separation between primary escape routes and fixed plant, 
such as conveyors (Qld_Govt, 2010). Fire detection is limited to the detection of CO, whereas smoke 
detection is not addressed at all in typical underground mining legislation or Codes of Practice 
(NSW-DPI, 2010). There appears to be no evidence to show that the prescriptive approach currently 
applied to manage fire risk associated with fixed plant and equipment installed as part of the mine 
development is quantifiable. This codified approach to fire safety risk management performance 
suggests the potential for a high level of uncertainty in the design basis. Prior to the introduction of 
science based fire engineering in other areas of infrastructure development, prescriptive fire safety 
requirements were common and in fact legislated. In many cases these prescribed solutions were 
shown to be onerous in terms of cost effectiveness as reported as part of the Warren Centre Report 
into Fire Code Reform (Nutt. J & Arup. O, 1987). Mining continues to follow this prescriptive 
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approach some 30 years after the introduction of performance based fire engineering into the 
Australian construction industry (ABCB, 1996). 
 
The IFEG (ABCB, 2005) suggests that it is more effective, in terms of improving fire safety risk, to 
detect and act on a fire very early in its growth stage. This approach allows more time for earlier 
evacuation and firefighting response before the fire grows. An alternative to early fire detection is to 
use passive fire protection barriers to separate the fire from the mine escape way. The risk-informed 
performance based approach is aimed at achieving a more effective fire safety solution based on 
human factors with a well-understood level of uncertainty incorporated and managed as part of the 
design. 
 
Currently, VBFD is not being considered as an alternative option to passive fire separation of 
potentially significant fire sources. The risk with passive fire protection is that a fire unexpectedly 
presents itself to the underground mine population when it penetrates a passive barrier as a fully 
developed major conflagration potentially allowing minimal escape time. 
2.4.2. A Systematic Approach to Evacuation Analysis 
Background 
 
The field of Fire Engineering has rapidly developed in advanced countries since the early 1980’s. 
This has mainly been in response to an identified need to improve upon prescriptive design solutions 
by using scientifically based fire-safety approaches and methods such as those defined in the IFEG 
(ABCB, 2005). 
 
In Australia, the focus of fire engineering research during the past thirty (30) years has been the 
building construction industry and more recently, the transport tunnel construction industry, as 
described in ABCB (2005).  The IFEG provides the guidelines by which the issue of early fire 
detection in underground mines can be addressed using proven scientific based approaches in fire 
engineering to mining. Two distinct areas of analysis applicable to the subject thesis using such 
methodology are: - 
 
1. Design Fire Analysis; and 
2. Analysis of RSET. 
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It is important to note that a risk based approach when applied is systematic, follows methods that 
are suitable for application in an underground mine context and further, fits within a recognised 
methodology such as the IFEG (ABCB, 2005) framework. The IFEG approach is quite detailed and 
considers the spread of fire in a compartment on a risk basis. 
 
The typically applied approach involves an initial process of fire analysis that collates information 
on the layout and physical characteristics of combustible materials within the subject space. 
Additionally, it is aimed at understanding the ventilation characteristics of the volume that the 
potential fire will exist within. An analysis of the boundary conditions is also carried out to 
understand the potential for its impact on fire growth and spread. Whilst the IFEG (ABCB, 2005) 
describes the framework under which the analysis occurs, suitable methods such as those described 
outside the IFEG are often applied. 
 
For example, Buchanan’s Fire Engineering Design Guide (Buchanan, 2001) provides a useful 
section on ‘Means of Escape’. Whilst the aim of this section of the text is to assist fire engineers in 
meeting New Zealand legislative requirements for building evacuation, the process detailed is 
generic and takes a robust scientific approach that is useful for studying fire growth and ultimately, 
in relation to the subject research, mine evacuation. 
 
In the previous Section 2.3.1, an example of a passive protection system using fire resistive 
construction is compared with a solution that incorporates early fire detection only. The design fire 
curve associated with the smouldering fire (Figure 5) exhibits a low power heat release rate and until 
the conditions of fire growth occur, this smouldering fire may exist for many minutes, hours or days 
(Groaywig et al., 2008). When, or even if the appropriate conditions exist, the fire may grow and 
spread rapidly, as described in Figure 6. The fire engineer collating the combustible materials 
information, the environmental characteristics of the mine, including ventilation, boundary 
conditions, ignition source information, the potential for automatic or manual fire suppression and 
other related information, must develop a design fire that describes the most likely fire growth, 
steady state and decay of the fire in terms of Heat Release Rate (HRR) (ABCB, 2001). 
 
Often, a risk-based approach is taken to define the most probable attributes of the design fire to be 
used as the subject of the engineering. Most often, several design fires are developed for a project 
and sensitivity analysis is carried out on each of these fires to define cases across a range of 
probabilities, based on the IFEG methodology (ABCB, 2005). 
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The analysis of the design fire facilitates the estimation of gross yields of products of combustion, 
such as CO, soot, H2, HCN and many other compounds. The subsequent spread of these products is 
almost intractable analytically; so numerical modelling is typically applied to estimate these 
compounds. Once the design fire is estimated, the next main step involves the development of a CFD 
model to estimate the effect of transport of fire products throughout the space. Subsequently, the last 
significant stage of analysis based on the IFEG considers the effect of the fire and fire products on 
mineworker tenability (ABCB, 2005). The time available for mineworkers to safely avoid these 
hazards by moving away from them is referred to as the ASET (ABCB, 2005). The ability of the 
mineworkers to recognise the fire hazard and avoid it safely, in relation to the associated time period, 
is referred to as the RSET (ABCB, 2005) 
 
In summary, inefficient fire detection contributes to delays that potentially allow fires to grow and 
spread before alarm notification occurs, therefore it acts to increase the RSET and decrease the 
amount of time available to evacuate.  In general terms, the more time the fire has to grow and 
spread before alarm notification initiates evacuation - the less time mine evacuees have to escape 
(ABCB, 2005). 
 
Fire Analysis  
 
By taking a performance based fire engineered approach, as described in ABCB (2005), one or more 
trial solutions would normally be considered as engineering design options to address the subject fire 
safety risk. To achieve this, a robust knowledge of the characteristics of the subject fire is required 
from which fire safety measures can be designed. This fire is referred to as the ‘design fire’ 
(ABCB, 2005). 
 
Design fires are typically described in a graphical format, which compares the HRR measured in 
Kilowatts (kW) and/or products of combustion, such as smoke and pyrolates, with time. Clearly 
defining the design fire was a critical step in this research. The initial fire, based on the fuel source 
relevant to this scenario, was considered flameless. It released pyrolysis products from oxidised 
grease and coal dust and would incorporate unburnt hydrocarbons suspended in a smoke plume, as 
well as dispersed CO, steam and low levels of heat. Figure 5 describes a typical low power 
smouldering fire. 
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Figure 5: Design fire curve for smouldering fire described in ABCB (2005) 
 
The ‘smouldering only’ fire was considered to characterise the initial stage of the ‘design fire’ 
associated with the subject research, being an overheated conveyor belt bearing housing, with the 
final stage of the design fire represented by a much larger fire on the conveyor belt subject to the 
occurrence of flaming combustion, as shown in Figure 6.   Smouldering fires only were used both in 
detailed laboratory tests and in field tests. 
 
 
Figure 6: Full extent design fire curve as described in ABCB (2005) 
 
A number of conditions are required to be present for fire growth and spread to occur. Determining 
the time period from the early smouldering fire to the increased fire growth is usually intractable as 
explained by (Drysdale, 1998), so an estimate based on fuel loads present and fuel load 
configuration is typically applied. 
 
Evacuation Analysis (RSET) 
 
In terms of analysing the safe evacuation requirements for mineworkers exposed to a fire, such as a 
fire in relation to or overheating of a conveyor belt section within an underground mine escape way; 
RSET analysis, as outlined in the IFEG, was found to be a useful fire engineering tool (ABCB, 
2005).  
 
Part 1 — Process — International Fire Engineering Guidelines
It is generally assumed that the heat release rate:
 increases quadratically after ignition as a t2 fire (the growth phase);
 reaches a steady state HRR determined by either fuel or ventilation controlled
burning (the fully developed phase); and
 decreases at a nominated rate when the fuel starts to be depleted (decay phase).
Definition of these parameters in terms of the rate of fire growth, the type of steady state
fire and the rate of fire decay, may be done in principle during the FEB discussions or
determined quantitatively when Sub-system A, Fire Initiation and Development and
Control, is analyzed (Chapter 1.4).
A flashover fire is the third fire type. Figure 1.2.11.3c illustrates a notional HRR–time
graph for a schematic design fire for such a fire.
Time
Flashover
Growth Fully developed Decay
Figure 1.2.11.3c Typical schematic design fire—flashover
In practice, flashover occurs over a short period of time. However, for the purposes of the
schematic design fire, flashover is assumed to be instantaneous and the increase in the
heat release rate due to flashover is represented by a vertical section of the heat release
rate – time graph. The criteria for flashover may be set during the FEB discussions
(several criteria are available depending on the method of analysis) or determined
(quantitatively) when Sub-system A is analyzed (Chapter 1.4). The figure also shows the
other phases that flashover fires have in common with non-flashover flaming fires.
The se ond step is to modify the above notional relationships between HRR and time to
take into account the effect of various events that affect a fire burning in a building.
Typical events are:
 changes in ventilation conditions due to
- window glazing breaking (Sub-system B or C)
- the operation of air handling or smoke management equipment (Sub-
systems B)
- doors or other partitions burning through (Sub-system C)
- openings created by fire services intervention (Sub-system F)
 the commencement of suppression by
- automatic equipment (Sub-system D)
- occupants (Sub-system E)
- fire services (Sub-system F).
The qualitative effect of these events may be agreed to during the FEB discussions,
based on the information and options discussed in the chapters of these Guidelines,
which describe the analysis of the relevant sub-systems. Alternatively, the effect may be
determined (quantitatively) when Sub-system A is analyzed with input from the relevant
sub-systems.
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Preparing a Fire engineering Brief (FEB)
International Fire Engineering Guidelines — Part 1 — Process
1.2.11.3 Schematic design fires
In order to carry out a fire engineering analysis, it is usual to formalize the fire scenarios
being considered as ‘design fires’,  and to specify each of them in the form of a
relationship between parameters such as heat release rate and time. In particular cases,
other fuel properties such as propensity to produce smoke and toxic species maybe use
to characterize these aspects of design fires. At the FEB stage, the task is to define and
describe (to the extent possible without involving calculation) the design fires which will
be quantified during the analysis.
Such a design fire is normally presented as a graph conceived as a shape known as a
‘schematic design fire’. It should be remembered that design fires are normally intended
to be conservative and they are simplified techniques developed for the purpose of fire
engineering evaluation or design.
The first step in developing a schematic design fire is the definition of the type of fire, viz,
smouldering, non-flashover, flaming and flashover. These types are described below.
A smouldering fire may or may not develop into a flaming fire. Figure 1.2.11.3a
illustrates a notional Heat Release Rate (HRR) – time graph for a schematic design fire
representing a smouldering fire that does not undergo the transition to a flaming fire.
Typically, the maximum heat release rate is less than 5kW.
Time
Figure 1.2.11.3a Typical schematic design fire—smouldering
There is a developing phase which is a function of time, a developed phase where the
HRR is i dependent of time and a decay phase where the HRR is again a function of
time.
A non-flashove  flaming fir is a flaming fire that does not flashover. Figure 1.2.11.3.b
illustrates a notional HRR–time graph for a schematic design fire for such a fire.
Time
Figure 1.2.11.3.b Typical schematic design fire—non-flashover
Preparing a Fire engineering Brief (FEB) 1.2 – 29
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RSET analysis is an emergency evacuation related assessment outlined in the current International 
Fire Engineering Guidelines 2005 (IFEG) ABCB (2005) developed in Australia. In an evacuation 
context, RSET describes the time period commencing with the detection of a fire, followed by a pre-
movement and then a movement phase and concluding when escaping mineworkers reach a place of 
safety. In other words, this is the amount of time required for underground mineworkers to escape to 
a refuge or to the surface. 
 
ASET described in ABCB (2005) is the time period from the commencement of the fire to the point 
prior to the onset of untenable evacuation conditions, which result from the effects and products of 
combustion. ASET therefore is a measure of the time period possible in which miners can escape a 
mine fire. Figure 7 shows the component time phases within the RSET period.  
 
RSET versus ASET evaluation is used in what is considered the fundamental quantitative fire 
engineering analysis approach outlined in the IFEG ABCB (2005) framework in relation to 
evacuation. Information used for the RSET/ASET analysis is primarily based on CFD modelling 
outcomes which incorporates a comprehensive knowledge of the specific mine environment.  It 
should be noted that the RSET versus ASET analysis tool could be applied to any fire emergency 
evacuation scenario. 
 
The two primary ways that increased evacuation time can be achieved for mineworkers are: - 
 
1. Decrease the RSET 
Decreases in the required time to reach a place of safety typically involve faster travel from the place 
of danger. An example of this is the use of vehicles to escape from the fire. As this is not always 
possible, it is normal to calculate the travel speed based on mineworkers walking to the place of 
safety whilst utilising CABA. 
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Figure 7: RSET component model (IFEG 2005) 
 
 
2. Increase the ASET. 
Increases in ASET can be most effectively achieved by providing earlier warning of the fire, 
allowing more time for mineworkers to respond by either extinguishing it as a small fire or escaping 
to a place of safety before the fire grows substantially. The advantage of VBFD over current fire 
detection technology used in Australian coal mines is that it allows earlier fire detection, so an 
earlier occurrence of fire cues and providing improved quality fire cues that contain more data about 
the fire – location, fire size and growth rate. 
International Fire Engineering Guidelines — Part 1 — Process
Detection and Evacuation
Timeline
RSET Components
t0Fire initiation
 Cue period = Pc
Occurrence of cues tc
 Response period = Pr
Recognition of cues tr
 Delay period = Pd
Initiation of movement td
 Movement period = Pm
Completion of movement tm
Figure 1.8 Detection and evacuation timeline
This chapter provides guidance on quantifying the times, components and
phases described above. In particular, the RSET period is quantified so that it
may be compared with ASET (see Chapter 1.10 Collating results and drawing
conclusions).
This chapter also discusses the relationships between this sub-system and
others. Descriptions of selected m thods that may be use   connection with this
sub-system may be given in Chapter 2.8. Selected data for these methods may
be given in Part 3 of these Guidelines.
Although this chapter provides guidance on the analysis of Sub-system E in the
general analysis context discussed in Chapter 1.3, each project needs to be
considered individually and the analysis varied accordingly.
Occupant Evacuation and Control — Sub-system E 1.8 – 3
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 How Fire Detection in Australian Coal Mines is Currently Managed 
2.5.1. Background to current mine fire detection 
Current fire detection in underground mines primarily relies on CO sensing using either distributed 
point type sensors or aspirated sensor systems involving bundles of air sensing tubes terminated at 
strategic locations throughout the underground mine workings (NFPA, 1999). Once a predetermined 
concentration of CO mixed in air has reached an alarm condition it is recognised by mine operators 
as being representative of a fire. Traditional commercial point type smoke detection systems are 
rarely used, however some instances of multipoint aspirated smoke detection system installations 
exist (Leslie, 2013). 
 
The major barrier to early fire detection in mining is the contamination of detection devices from 
mining pollutants (Litton, 2009). For example, point type smoke detectors employing either 
ionisation techniques or photoelectric methods, are readily contaminated by coal dust and diesel fuel 
exhaust particles. This has the propensity to lead to false alarms occurring with the potential for 
subsequent and dangerous alarm complacency by mine occupants and mine controllers to occur. CO 
point type sensors also have a comparatively short life span, but as a result of contamination are also 
subject to sensor drift (Litton, 2009). Due to variations in the way mines are designed in different 
countries, a prescriptive detection methodology may not be suitable for all mines. A ‘blanket 
approach’ to mine fire detection may provide inadequate fire detection in some situations and an 
unnecessary level of detection, in other mines.  
2.5.2. Regulatory Control 
With the advent of ‘performance based’ legislation, sometimes referred to as ‘risk based’ legislation, 
in various countries including Australia and New Zealand and many other Western and European 
nations, options and opportunities for alternative design solutions, as opposed to prescriptive design 
solutions, continue to arise (Deng et al., 2008).  This performance-based approach does not appear to 
have been exploited within the mining industry and particularly, fixed plant fires associated with the 
underground mining sector. 
 
In Queensland, Australia, The Coal Mining Safety and Health Regulation 2001 (Qld_Govt, 2010), 
clearly takes a ‘risk-based’ approach to the health and safety management systems of coalmines, as 
indicated by Figure 8. 
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Figure 8: Queensland Coal Mining Legislation (Qld_Govt, 2010) 
 
In New South Wales, the guideline for the prevention, early detection and suppression of fires in 
coal mines MDG1032 (NSW-DPI, 2010) provides guidance for the establishment of a risk based 
approach to early fire detection and suppression in coal mines. As a Published Guideline, this 
document holds ‘status in the range of OHS instruments’ (NSW-DPI, 2010) in that State. Options 
exist under this guideline to take a risk-based approach to fire protection, including fire detection, as 
a means of safety management, therefore this approach may take the form of a risk based or 
‘performance based’ fire engineered design solution.  
 
The field of fire engineering has rapidly developed in advanced countries since the early 1980’s, 
mainly in response to an identified need to improve upon prescriptive design solutions by using 
scientifically based fire-safety approaches and methods (SFPE, 2008) that directly relate to the 
specific hazards associated with the fire scenario. 
 
In 2013, the then Department of Natural Resources and Mines for the State of Queensland compiled 
a consultation regulatory impact statement. The following extract, which outlines intended 
amendments to State mining regulations based on the harmonised model Work, Health and Safety 
(WHS) legislation explains the reason behind this proposed change for Australia towards 
harmonised mining legislation based on already introduced harmonised WHS legislation (Qld_Govt, 
2011). 
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The Model Work Health and Safety Act (the Model Act) was finalised in 2009 by SafeWork 
Australia so that it could form the basis of the Work Health and Safety Acts to be enacted 
across Australia by state parliaments to harmonise work health and safety legislation for 
general workplaces. In Queensland, most of the Model Act provisions have been 
implemented for general workplaces, from 1 January 2012 as the Work Health and Safety 
Act 2011. From 2011, the Commonwealth Government also encouraged the states and 
territories to use the Model Act as the basis for mine safety and health legislation even 
though the major mining states historically have had mining specific legislation due to the 
unique hazards of mining. 
 
In 2011, SafeWork Australia developed Model Work Health and Safety Regulations (the 
Model Regulations), which were to include a dedicated chapter for mines or ‘core’ mines 
Regulations. The Model Act and Model Regulations thus became an option for adoption 
through the National Mine Safety Framework (NMSF). At the end of 2012 most of the work 
on the core mine Regulations was completed, however, the core mines Regulations have not 
been endorsed by all jurisdictions. Core mine Regulations was not deemed sufficient to 
maintain current standards for Queensland, New South Wales and Western Australia. As a 
result, non-core provisions additional to the core provisions were developed by Queensland, 
New South Wales and Western Australia. 
 
The amendments were intended to result in greater consistency with the major mining states 
of New South Wales and Western Australia, and an enhanced structured approach to risk 
management of high-risk activities with the inclusion of principal control plans and principal 
hazard plans. It will also provide chief inspectors with a specific discretionary power where 
they ‘may’ request notification of high-risk activities. For guidance and consistency with the 
other major mining states, the high-risk activities will be noted in a schedule to the Coal 
Mining Safety and Health Regulation 2001 and the Mining and Quarrying Safety and Health 
Regulation 2001 (Queensland’s Regulations). If a mine is competently risk managing they 
will already be routinely undertaking planning for high risk activities. 
 
The introduction of a less prescriptive and more risk-based approach to safety, including fire safety, 
is likely facilitate the introduction of alternative design solutions to existing early fire detection 
systems as it did in the commercial sector, but it will no doubt need to be robustly tested and proven 
before such permission is granted by chief inspectors. 
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2.5.3. Carbon Monoxide Detection 
The current approach to fire detection in underground coalmines incorporates a reliance on gas 
analysis systems for all potential fire types and sources including: spontaneous combustion fires, 
fixed plant fire; and mobile plant fires (NSW-DPI, 2010). 
 
A tube bundle gas analysis approach, involving the remote collection of air samples through 
distributed tubes is sometimes used in typical underground coal mining (Aust._Dynamic_Tech._Co., 
2015). This form of detection inherently involves significant transport delays that commence at the 
time of remotely collecting the sample air, concluding after the analysis of the sample at a central 
location on the surface. CO sensors, especially the electronic point type sensors typically located at 
various points within the mine workings, are also problematic because they have a tendency to drift 
and become inaccurate and insensitive over time as found by a National Institute for Occupational 
Health and Safety (NIOSH) study (Litton, 2009). 
 
In relation to fixed plant fire detection performance, CO detection is not as responsive to early 
combustion products as commercially available point type photoelectric or ionisation technology 
smoke detectors for detecting the early products of combustion. Highlighting this problem is a 
comparative study by NIOSH carried out in the NIOSH test mine (Litton, 2009). The tests evaluated 
and compared the effectiveness of smoke detectors and gas analysis sensors and showed that CO 
sensors were not as effective as smoke detectors for early fire detection of smouldering belt 
particulates.  
 
Litton’s (2009) experimental results demonstrated the clear advantage of point type smoke detectors 
over point type CO sensors for early mine fire detection. It was shown that smoke detectors could 
detect smouldering belt particulates long before alarm levels of 5 ppm CO were detected. The 
subject research has yielded similar results in tests carried out at SIMTARS using VBFD under 
simulated underground mine conditions compared with point type CO detector response. 
 
Gas analysis sensors used to measure the concentration of CO in air for the purpose of fixed plant 
fire detection has been shown in this research, as not to be an appropriate fire detection method 
because the early stage smouldering fires associated with fixed plant did not produce much CO. The 
use of CO monitoring for early fire detection in underground mines has been reported (Litton, 2009) 
and in this research shown as ineffective, so the use of alternative VBFD was the primary motivation 
for the subject research. 
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2.5.4. Photoelectric and Ionisation Smoke Detection Technology 
One of the main reasons why the problem of early smoke detection has not been solved is that 
historically commercial smoke detectors do not remain reliable for very long in underground mines. 
Both photoelectric and ionisation point type smoke detectors very quickly become subject to false 
alarms or insensitivity as a result of contamination by mine pollutants (Litton, 2009). Some typical 
mine pollutants that appear to affect point type smoke detectors are mineral or coal dust and distillate 
particles. Commercial smoke detectors are not suitable for use in underground mines, as their 
sensing chambers are generally open to the environment, thus allowing pollutants to readily 
contaminate the detector. Supporting this assertion is Figure 9, which shows a cross section of a 
typical photoelectric smoke detector. Note that the detector interior is exposed to contamination by 
airborne products; such as those that might be present within an underground mine, as part of its 
normal operating principle, so the detector’s reliability is subject to being readily compromised. 
 
An additional limitation to the performance and reliability of using interconnected point type smoke 
detectors in the mining environment exists. The configuration of point type detector circuits involves 
significant distance between each detector.  This is the inherent limitation of ‘point type’ detection 
itself (Cote, 2000). It is possible that a point type detector will not be located in the vicinity of a 
smouldering fixed plant fire. It follows that a delay in detection must occur whilst smoke, heat or gas 
migrates from the fire source to the nearest point type fire detector so as to generate a fire alarm 
activation.  
 
This limitation is not restricted to discrete sensor point type detectors, because multipoint aspirated 
smoke detection employing piping with detection holes along the piping length is also challenged 
due to the fact that separation distance between the sensor inlet detection holes exists.  
2.5.5. Multipoint Aspirated Smoke Detection 
Aspirated smoke detection utilises a piping network throughout the area where smoke from a fire is 
likely to develop and a pump to draw air and airborne particles through the network to a central 
detection location (Xtralis, 2015). The central detector is typically a laser-based particle detecting 
system that discriminate non-fire indicative particles from fire like particles (Xtralis, 2015). Again, 
the problem with this type of system is contamination of the detection network and contamination of 
the detection main smoke sensor unit. Constant progress is being made by manufacturers of 
aspirated smoke detection systems to improve contaminant filtration (Xtralis, 2015). 
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Figure 9: Typical commercial smoke detector design (NTI, 2013) 
 
 
The ‘hole spacing’ of aspirated smoke detection systems, in a similar manner to point type smoke 
detection, presents a limitation by the fact that smoke detection can only occur from smoke being 
present in proximity to a hole in the pipe drawn through the pipe to the sensor head (Xtralis, 2015).  
Figure 10 shows a typical multipoint aspirated smoke detection system configuration. Note that the 
piping network involves drawing in air through holes. In some cases, a filter system is used to 
remove large particles from the air stream (Xtralis, 2015).  
2.5.6. Heat Detection 
A further significant drawback that exists for ‘non-smoke-detection’ systems, such as metallic 
conductor based linear heat detection (Cote, 2000), is the inadequate early response to fire growth. 
An example of this is the use of linear heat detection on conveyor belt systems, which requires a 
significant fire to exist before detector activation occurs. Such fires typically exhibit resultant 
extensive fire damage (Cote, 2000). Metallic conductor based linear heat detectors typically 
comprise of twisted pair twin individually insulated wire conductors encapsulated within a heat 
sensitive outer insulation material designed such that the metal conductors are normally separated 
from each other by the insulation at ‘non-fire’ (normal ambient) temperature (Fike, 2015a). 
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Figure 10: Multipoint aspirated smoke detection system (Xtralis, 2015) 
 
In the event of a heat increase above a design temperature or the insulation melts and allows the 
conductors to make contact with each other creating an electric circuit connection. The conductors 
form part of a monitored electrical circuit having a normal or ‘non alarm’ status when the conductors 
are not in contact with each other, so when in contact the electronics monitoring the circuit will react 
to the change in current through the circuit and subsequently generate a condition recognised as a 
fire alarm (Fike, 2015a). 
 
More advanced systems use optical fibre circuits and are designed to detect to high accuracy the 
location of the fire source using the optical fibre material itself as the heat detector. Metallic 
conductor linear heat detectors must be separated into ‘zones’, which are independent circuits, 
connected to the fire detection Control and Indicating Equipment (CIE). The fire alarm location 
resolution is very coarse using metallic type linear heat detection system because it can typically 
only be configured to advise the zone in which the fire was detected, not its specific location (FPT, 
2015; Siemens, 2015). A zone could be many metres long, so the location of the fire source along a 
conveyor belt for example, will typically not be evident until a physical inspection is carried out. The 
problem with this type of detection involving heat is that it is slow to respond to fires by comparison 
with point type smoke detection. By the time the detector reacts, the fire is likely to be substantial 
and presenting a considerable life safety and asset loss hazard compared with early smoke detection 
(Cote, 2000). 
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2.5.7. Hybrid Detection Systems Research 
Due to the inherent drawback of point type smoke detection in underground mining; being the 
propensity to contamination from mine pollutants, considerable effort into solving this problem by 
manufacturers has been carried out. NIOSH, which is based in Pittsburgh U.S.A, is a major 
contributor to mine fire research (NIOSH, 2015). NIOSH recognised the problem of detector 
contamination and associated poor reliability in coalmines as being significant and undertook 
research to address this problem. In 2008 the NIOSH laboratory tested a prototype hybrid point type 
smoke detector that it had developed (Litton, 2009). It incorporated a photoelectric smoke detector 
and an ionisation type smoke detector, all within an aspirated enclosure as shown in Figure 11. The 
enclosure incorporated filtering to resist the ingress of coal dust and other airborne contaminants. 
Improved results over non-aspirated single point type smoke detectors were reported, however the 
problem of filter contamination and replacement remained.  
 
Significant technology advances have allowed greater options for the point type fire detection 
approach using sensors that incorporate multiple criteria assessment, such as ‘smoke plus heat’, 
‘smoke plus gas’, ‘heat plus gas’ (Siemens, 2015). 
 
The selection of these devices and systems that support them is discussed in NFPA 123 (NFPA, 
1999), however the problem of contamination of point type sensors remains. Additionally, the 
balance between minimising separation distances between sensing devices and the cost of installed 
detectors remains a consideration.  A further significant result of technology advances is an 
alternative approach to point type fire detection referred to as ‘volume type’ detection (Rose-
Pehrsson et al., 2006). Volume detection is an alternative paradigm to point type detection because 
the detectors monitor the total volume of an area, or a substantial part of it. Point type detectors 
monitor the specific point in space at which they are located. VBFD and Infra-Red flame detectors 
are examples of volume detection. 
 VBFD Research 
2.6.1. Background to VBFD - Improving Fire Safety and Asset Loss Control 
The review has addressed the novel concept of fire detection using CCTV cameras in underground 
mines for detecting fires in locations including conveyors, vehicle refuelling points or locations 
associated with electrical distribution and supply in underground mines. Limited literature exists in 
relation to CCTV based fire detection capable of distinguishing fixed plant fires in underground 
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mines reliably over an extended practical period of time. VBFD using CCTV is currently considered 
emerging technology, with its application in mining being quite novel (Chen et al., 2004). 
 
 
 
Figure 11: NIOSH experimental mine smoke detector 
2.6.2. Previous VBFD Research 
In order to further develop the application of VBFD, existing research relating to underground fixed 
plant fire risk has been reviewed and analysed. 
 
Emerging technology, in the form of Video Based Fire Detection (VBFD) using CCTV 
incorporating sophisticated analysis algorithms, has been applied to a range of detection applications 
within the field of maritime and military shipping and road and rail transport tunnels (Sadok, 
Zakrzewski & Zeliff, 2005). 
 
The experience of fire protection engineers operating in the maritime field reflects that of mining 
engineers, in that point type fire detectors located within the storage areas within the hulls of large 
ships are affected by contaminants causing them to become insensitive and unreliable ('CCTV early 
warning system for fires,' 2006).  
 
The other similarities between fires in ships and mine fires is where point type detectors are located 
some distance from the fire source as the fire may not immediately be detected and considerable fire 
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growth can occur. An extensive amount of research into ship fire detection using VBFD has recently 
occurred and is ongoing.   This is from the viewpoint of fire protection designers and from a Video 
technology and computer science perspective (Wang, Jeng & Tsai, 2009). 
 
The National Defence University of the People’s Republic of China (NRCC) is a significant research 
contributor to maritime fire safety involving the application of VBFD. A study into early fire 
detection methods (Wang, Jeng & Tsai, 2009) reported on the development of a Video-based flame 
and smoke detection method using a Dominant Flame Colour Lookup Table (DFCLT), as 
summarised in Figure 12. This technology is based on using a fuzzy-c clustering algorithm. 
 
 
 
Figure 12: Dominant Flame Lookup Table Creation Process 
 
The fuzzy-c clustering process is used to create the DFCLTs to detect the flaming combustion 
phenomenon and to grade them into intensity levels, as shown in Figure 13.  
 
 
 
Figure 13: DFCLT Grading Process 
 
Smoke shape algorithmic processing was used to detect and grade smoke plume levels, as shown in 
Figure 14.  
 
 
 
Figure 14: Smoke Shape Detection and Alarm Process 
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Road Tunnel research shows (Ono et al., 2006) that fire detection systems are crucial for fire safety, 
as they are used to initiate evacuation and also for initiating fire suppression systems to control the 
spread of fire.  The National Research Council of Canada (NRCC) in conjunction with the Fire 
Protection Research Foundation (FPRF) completed an international road tunnel fire detection 
research project in 2008. Nine fire detection systems covering five types of currently available 
detection technology were studied in tunnels under minimal and longitudinal airflow conditions. 
VBFD systems were found to perform quite well under all conditions tested and in many cases, 
outperformed more traditional forms of point type fire detection (Kashef et al., 2010). 
  
The recent development of VBFD technology introduces opportunities to detect the presence of fires 
anywhere within the visible space of a mine and in locations within the volume of an enclosure that 
traditional point type detectors cannot physically be located (Aird & Brown, 1997). 
 
“We may never have flying cars, but like our cell phones that can now take pictures and surf the 
Web, our CCTV cameras have evolved into fire safety devices that never blink.” (Kessinger, 2008) 
 
The concept of volume type fire detection is important, as it primarily relies on the capability of ‘an 
observer’ (i.e. human or otherwise) to recognise the characteristics of a fire before the physical or 
chemical products of combustion actually reach the viewing sensor (Rose-Pehrsson et al., 2006). The 
use of CCTV cameras and associated fire recognition software is an immature technology innovation 
of less than two decades (Aird & Brown, 1997). Its application within transport ships, road transport 
tunnels and aircraft hangars for fire detection, has been less than 15 years. As this research focuses 
on underground mine fire safety and asset loss control improvement using VBFD, the image 
recognition analytics must be appropriate for this environment. Experimental comparative 
assessments were carried out in 2006 (Gottuk et al., 2006), between three available VBFD systems 
and point type detection systems in a maritime transport setting being similar to a mine environment. 
The VBFD systems outperformed the point type detectors in flame detection comparisons. Suitable 
smoke detection algorithms were not available at this time and therefore the focus on developing 
VBFD with efficient smoke detection capabilities commenced.  
 
Improvements in flame detection algorithms however were achieved in late 2006, using wavelet and 
image intensity analysis (Toreyin et al., 2007). VBFD with both flame detection and smoke 
detection capabilities were introduced. Flame detection, using the dynamic flame characterisation 
based on both audible and visual phenomena, was considered an unusual approach at the time, but 
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yielded an effective outcome under the conditions tested (Schultze & Willms, 2005).  This approach 
is unlikely to be suitable in an underground mining environment due to the high levels of ambient 
noise from operating belt conveyor systems and similar ‘noisy’ fixed plant items.  
 
A significant concern for any fire detection and alarm system is the detection of non-fire 
phenomenon that is processed as a ‘real’ fire. These situations are sometimes referred to as ‘false 
alarms’ or ‘false positives’, however the author does not consider these as false if the system is 
designed to recognise the input as a real fire. Research carried out by Siemens, Switzerland Ltd 
(Marbach, Loepfe & Brupbacher, 2006) introduced the concept of VBFD algorithms that ‘learn’ 
their environment, so that the likelihood of ‘false alarms’ is reduced. It should be noted that this 
approach as shown in Figure 15, has been incorporated into the VBFD system utilised in the subject 
research.  
 
An alternative paradigm to flame detection is one developed by Celik and Demirel (Celik & 
Demirel, 2009) of the Eastern Mediterranean University in Turkey. Their new approach was to use a 
general colour model and to use a ‘rule based’ (i.e. Bayesian) approach. This method is quite 
attractive, as it is scalable to the extent of processing power and to the quality of CCTV cameras 
being used. In a mining situation, lower picture quality cameras could be used in low fire risk areas 
with high quality ‘megapixel’ cameras used in high fire risk areas, such as conveyor system transfer 
points and refuelling locations.  
 
The mainstream approach to flame detection using VBFD has primarily leveraged on pixel colour 
properties, which dependent on the mine environment conditions may be a suitable approach.  The 
early detection of fires in very low light levels is likely to require a method that is non-linear, with 
respect to pixel colour and intensity. One such emerging approach shown in Figure 16 is the use of 
support vector machines and luminescence maps (Ko, Cheong & Nam, 2009). 
 
The early research of Video smoke detection (VSD) involved development of algorithms for 
applications to detect forest fires (i.e. bushfires).  Guillemant (2001) developed a smoke recognition 
algorithm using fractals, but importantly realised the significance of available computer and CCTV 
camera processing power for application of these algorithms. The result of their research was 
impressive, as fractal chaining and clustering works were developed to reduce the processing power 
requirements for fast and accurate smoke detection by analysing the smoke within the smoke 
envelope. As processing power and cost effective camera application in the underground mining 
 
 
 
 
54 
environment will be focal due to significant transmission distances, this approach to VBFD in 
mining suggests considerable appeal for implementation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15: Typical Q(t) for Fire Pattern (Alarm if QT>= Q0) 
(Marbach, Loepfe & Brupbacher, 2006) 
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Figure 16: Fire Detection Procedure using Support Vector Machines 
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VBFD research and its corresponding literature, is rapidly evolving. Current commercially available 
VBFD systems tend to use the following approaches, therefore this research addresses these. 
 
(a) Support Vector Machine and motion detection to detect the smoke plume contour (Yang, 
Tseng & Yang, 2008);  
(b)  A chrominance based approach, with motion detection for smoke plume recognition (Yuan, 
2007)  
(c)  A fast accumulative motion orientation model based on integral image (Yuan, 2008). 
 
The chronology of the development of knowledge of VBFD in mining published research and 
development of VBFD detection techniques commenced in earnest from 1994, where black and 
white cameras applied grey scale image processing (Foo, 2000; Noda & Ueda, 1994). The 
motivation for this research was the result of a significant ship fire that remained undetected by 
smoke, CO and relative humidity sensors that were located in the hull of the vessel. As colour 
camera availability became more cost effective in 1996, research into Video frame colour analysis 
techniques were carried out (Celik & Demirel, 2009; Healey et al., 1993; Yamagishi, 1999). The 
frame analysis techniques were developed predominantly along the lines of fire pixel identification. 
Research was carried out into the development of algorithms that could be used to analyse variations 
in motion within the fire regions in the period 2003 to 2006. The concepts developed employed 
contiguous frame analysis techniques (Chen, Kao & Chang, 2003; Philips, Shah & da Vitoria Lobo, 
2002; Toreyin et al., 2007; Toreyin, Dedeoglu & Chetin, 2005). Research by Hong et al. (2005) 
estimated fire intensity by using the variation in the flame contours. Whilst these developments do 
not relate to smoke detection, it shows that both smoke and flame detection were being considered in 
the evolution of VBFD. 
 
Smoke detection, being the focus of this research, typically employs RGB colour and grey value 
decision functions (Chen et al., 2004). The other important development in smoke detection decision 
functions was developed by (Toreyin, Dedeoglu & Chetin, 2005)which involved wavelet transforms. 
 
Important research continues into early fire detection for shipping vessels by (Wang, Jeng & Tsai, 
2009) using both flame detection and smoke detection technology. Flame detection is analysed using 
a dominant flame colour lookup table (DFCLT) that is created using a fuzzy c clustering approach 
(Guillemant, 2001) - also refer Figure 17. The smoke detection analysis is based on an image 
recognition algorithm that assesses the shape of the smoke plume to determine if the top of the 
plume is wider than the bottom of the plume. As the maritime environment, in relation to ship hull 
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fires, is similar in some environmental aspects to underground mines, the development of VBFD in 
shipping applications remains important to mining.  
 
 
Figure 17: Smoke source showing the grey level dynamic envelope at 4 klms from VBFD (Guillemant, 2001) 
 
Published research in relation to the application of VBFD in mining is quite limited to the work 
carried out by NIOSH in the USA and research incorporated in the subject thesis. Work by NIOSH  
was an - ‘Evaluation of the criteria for the detection of fires in underground conveyor belt haulage 
(Litton, C, D., & Perera, 2011)ways’ involving large-scale experiments carried out at the NIOSH 
Lake Lyn PA experimental mine to simulate typical fires that develop along conveyor belt transport 
systems within underground coalmines. This paper reported on the results of a comprehensive 
comparative analysis of CO detector response with various smoke detectors using air velocity as the 
variable parameter. It was shown that in 11 out of the 12 full scale experiments carried out, VBFD 
detected smoke before flaming combustion occurred. CO detection performed poorly in comparison. 
Litton subsequently tested a wider range of fire detectors and combustibles with the results of these 
experiments providing considerable new knowledge on the application of VBFD to mining. It was 
found in these experiments that underground coalmine fires typically produced smoke much earlier 
than they produced CO or flames. Smoke detectors provided a distinct advantage for fire detection 
over CO sensors and ultimately VBFD outperformed smoke detectors. 
 
More recent research between 2009 and 2014, as part of the current thesis not only addressed VBFD 
development, but it proposed means by which this performance could be measured in terms of 
improving fire safety and asset loss control, as follows: - 
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By proposing the opportunities of using a quantitative approach to improving fire safety and asset 
loss control, based on the application of VBFD, to improve the Available Safe Evacuation Time 
(ASET) for miners. By proposing the use of CFD validated by experimentation, to develop the 
pyrolysis ‘design fire’ used for VBFD analysis. 
 
A summary of the significant knowledge of VBFD in mining to date is as follows: - 
 
(a) Point type detection is very limited in its ability to detect fires that are not adjacent to the 
sensor points, however if a form of volume type fire detection using VBFD can be used, fires 
anywhere in the space that the volume sensor views are potential fire alarm initiators. 
References: (Litton, 2009), 
 
(b) Coal Mine fires significantly impact environmental sustainability due to significant 
greenhouse gases generated by uncontrolled fires. Applicable references: (ICMM, 2010), 
(Revken.W.C., 2002), (Shipp, 2010), (SMI, 2010),  
 
(c) Volume detection using CCTV cameras to detect fires is referred to as Video Based Fire 
Detection. This technology has been effectively used in road tunnels and in ships and it may 
be possible to apply it to underground mines to increase the level of safety to occupants and 
better protect assets. References: ('CCTV early warning system for fires,' 2006), (Celik & 
Demirel, 2009), (Gottuk et al., 2006),  (Kashef et al., 2010), (Wang, Jeng & Tsai, 2009),  
 
(d) There are several approaches to the detection of smoke and flames proposed by researchers and 
developers of VBFD. The algorithms that have been developed so far either assess light or 
colour intensity of the image or assess the characteristics of the pixels. Applicable references: 
(Ko, Cheong & Nam, 2009), (Guillemant, 2001), (Kessinger, 2008), (Marbach, Loepfe & 
Brupbacher, 2006), (Schultze & Willms, 2005), (Toreyin et al., 2007), (Yang, Tseng & Yang, 
2008), (Yuan, 2007, 2008).  
2.6.3. Gaps in VBFD Research 
The two (2) areas where gaps in knowledge in relation to the application of VBFD in mining, are: - 
 
a) Technological issues associated with VBFD, which include: - 
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a. Visible spectrum cameras do not operate below a minimum ambient light level (i.e. 
typically 10 lux) (Primalov & Lynch, 2009) – How can cameras be modified to work 
in the absence of ambient light?  
b. Recognition of weak smoke or pyrolate plumes under conditions of high ventilation 
rates. Rapid smoke dispersion may mean that a very slow detection response occurs. 
c. Reliability of VBFD in the operating mine environment. How can lenses be kept 
clean and cameras functioning correctly? 
d. Is the provision of appropriate required power supplies for VBFD cameras a 
problem? 
e. Are there safety implications in using VBFD cameras in underground mines? 
f. There is a varying level of acceptance for Explosion Protection Equipment 
Techniques (i.e. flameproof or intrinsically safe housings and cameras) for VBFD 
systems in underground mine hazardous areas (potentially flammable atmosphere – 
Explosion Risk Zones (ERZs)) 
 
b) Fire engineering issues associated with VBFD, including: - 
 
a. Better understanding of pyrolysis fires required. 
b. Application of performance based / risk based approach to fire detection, fire safety 
and asset loss control in mining generally. 
c. Detection of spontaneous combustion fires 
d. Mines having an understanding and specific knowledge of their RSET 
e. The use of CFD and similar modelling tools to design mines. 
 
Mining legislation in many Western countries is becoming ‘performance’ or ‘risk’ based, therefore 
traditional prescriptive design solutions are being replaced with performance based engineered 
solutions (Deng et al., 2008).  This approach allows scientifically based fire engineered solutions to 
be proposed for mining applications. The IFEG (ABCB, 2005) is a widely accepted framework for 
fire engineering design assessment and reporting, which offers an efficient and repeatable approach 
to the analysis of VBFD performance. 
 
The literature review has identified a performance based fire engineering approach, based on the 
recognised framework detailed in the IFEG (ABCB, 2005), that may be suitable to assess the 
potential improvements  based on the use of VBFD to fire safety risk and asset loss control in 
underground mines.  The IFEG approach does not appear to be currently used for the assessment of 
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CO detection technology. VBFD appears to offer improvements over CO detection by applying an 
efficient volume fire detection sensor design, using CCTV cameras as fire detectors, rather than the 
traditional point type CO or smoke detector design that has inherent operational and performance 
drawbacks (Litton, 2009).  The IFEG approach is useful for estimating comparative detection 
performance. 
 
Until an internationally accepted approach to fire safety design of underground mines is postulated, 
fatalities in this area will likely continue. The tools required to design fire safety systems and 
strategies for mines may be the very same tools that have been developed for other infrastructure 
(ABCB, 2005), such as buildings and transport tunnels.   Various challenges to safe mine design 
have been reported by other researchers, with some suggested solutions and opportunities for 
improvement pointing towards technology solutions, such as VBFD (Aird & Brown, 1997). 
 
A significant fatality rate is reported in China’s underground coal mining sector with up to 3000 
deaths over only three years (Shi & Duan, 2007). China’s systems of safe work do not appear to be 
as effective or as mature as advanced safety systems in other countries. (Shi & Duan, 2007) describe 
the need for regular inspections and safety checks in Chinese mines that are considered normal 
activities in most other countries. Very little information is available to understand the state of fire 
protection systems and requirements for fire safety in Chinese mines.  
 
Grayson et al. (Larry Grayson, Kinilakodi & Kecojevic, 2009) relate the safety culture of a sample 
of 31 U.S. mines. Safety culture is an important input parameter into risk-based fire engineering 
design in accordance with the IFEG (ABCB, 2005) approach, as the IFEG approach requires 
stakeholder agreement. Grayson et al. (2009) indicated that significant opportunity for improvement 
existed in the pilot study in relation to safety culture and this outcome, as well as the pilot study 
methodology would be useful when considering the development of the survey to be carried out 
involving mining organisations and consultants. 
 
(Ray, S. K. & Singh, 2007) and (Ray, S. Kr & Ghosh, 2008) deal with methods to control and 
extinguish underground coalmine fires using inert gas and similar methods.  These provide insight 
into how significant mine fires can develop and are useful in understanding the factors that limit 
escape time from mines and the importance of early fire detection.   
 
These papers are applicable to the process of understanding fixed plant fire risks and considering 
how VBFD can be used as a tool to facilitate safer mine design. 
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2.6.4. Bridging the VBFD research gap 
The required approach to solve the problem of ineffective mine fire detection and to apply this to 
achieve effective early mine evacuation, appears to be twofold: - 
 
a. VBFD is potentially a robust solution to the early fire detection problem, so if it is shown that 
it can be effectively developed and applied, it potentially addresses the question of whether 
VBFD is an effective tool to provide more time for miners to escape from mines under early 
stage fire conditions. No matter how effective VBFD is at detecting fires, the ultimate 
problem is ensuring adequate time is available for miners to escape as outlined in the IFEG 
(ABCB, 2005). The obvious question is ‘How long does it take for miners to escape for a 
specific fire scenario in a specific mine environment given an evacuation prompt?’ 
b. A further, but closely linked issue is the requirement for a robust methodology for measuring 
and determining the adequacy of mine escape time. This time relates to both ‘available time 
to escape’ using the applied VBFD tool and the ‘required time to escape’ under specific fire 
and mine conditions. 
 
The required tools to assess the technology problem and the human behaviour problem associated 
with effective early fire detection and prompt evacuation mines have been researched and developed 
for a range of unrelated to mining applications, but not specifically in an underground mining 
context. An example of this is the development and use of Computational Fluid Dynamics 
(McGrattan, K et al., 2013) to estimate smoke movement in tunnels and the use of ASET/RSET 
analysis to quantitatively estimate the evacuation of occupants from fire affected structures or 
transport tunnels.  
2.6.5. The level of debate on issues relating to the use of VBFD in mining 
The level of debate on issues relating to VBFD in mining at the current point in time is quite 
minimal. VBFD in general, has undergone some debate however mainly in relation to whether it 
should be considered a ‘Primary Fire Detection System’ or remain as a ‘Supplemental’ type of fire 
detection service. This debate has emanated from the USA where VBFD has had a considerable 
uptake compared with other countries. Elliott (2010) is an engineering specialist with FM Global in 
the USA, an organisation responsible for testing, approving and certifying fire protection equipment 
for listing on their ‘FM Approved’ schedule. Elliott reported the following in relation to the approval 
of VBFD as a primary protection system by FM Global: - 
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“As an evolving technology, Video image detection offers great potential to learn and 
improve the present state of the art. To date, the certification process has involved a total 
“systems” approach integrating performance based testing along with past prescriptive type 
of tests. This has included the cameras, processing equipment, primary and secondary power 
supplies as well as the software that controls them. From a purely code compliance and 
certification standpoint, the idea that a video image detection (ViD) system is a “software 
only” application that can be run with any processor or any camera or hardware is simply not 
possible at this time. In all honesty, there are bundled systems as well as single package 
ViD’s available that are code compliant, approved and/or listed.  
Our direction has always been to investigate new technology and apply it when we find a 
good fit to a protection need as long as it meets NPFA 72 (NFPA, 2015) and other applicable 
standards. Given the current wording that exists in the NFPA standard, we believe that FM 
Approvals and other test agencies have accomplished this in the testing associated with 
ViD’s. I believe that the ultimate acceptance as to whether ViD equipment remains as 
supplemental or in fact finds acceptance as a primary means of protection will be determined 
by the specifiers, end users and Authorities Having Jurisdiction (AHJ)’s responsible for the 
properties they are protecting.” (Elliott, 2013) 
 
The debate on the application of VBFD in mining may come in the future as a result of the subject 
research challenging the use of CO detection such that mining companies will trial VBFD to test its 
ability to solve long standing mine fire detection problems that CO detection is not able to address. 
Two significant mine companies in Australia are currently considering VBFD installation at his 
time. 
2.6.6. Current VBFD Research 
The research, being the subject of this thesis, addresses the application of VBFD technology to 
underground mining to improve fire safety and asset loss control, however of arguably equal 
importance it applies methods and approaches to analyse and quantify such potential performance 
improvements not typically applied in mining. This new research builds on existing mine fire 
research and on the application of fire safety engineering, from non-mining applications. 
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 Fire Engineering Applied to Mining 
In Australia, the focus of fire engineering research during the past thirty years has been the building 
construction industry and more recently, the transport tunnel construction industry (ABCB, 1996). 
The first official Australian performance based fire engineering guideline document, which was the 
‘turning point’ from legislated Standards prescribed fire protection design to performance based fire 
engineered design, was the Fire Engineering Guidelines 1996 Edition (ABCB, 1996). 
 
The Fire Engineering Guidelines 1996 Edition (ABCB, 1996) was a direct result of research carried 
out at the Warren Centre at the University of Sydney and very much focussed on Building 
Regulations reform (Uni_Syd_Warren_Centre, 2015). The guidelines were intended to be a tool used 
during the concept design stage of a building. Substantial opportunity exists to apply a mature 
performance based fire engineering approach to fire engineering in mining, particularly under a 
modern risk-based legislative framework (NSW-DPI, 2010) that the mining industry has been 
moving to.  
 
Supported by opportunities identified in the reviewed literature, a fire-engineered approach using 
recommended methods from current fire engineering guidelines (ABCB, 2005) has been developed 
into experimental procedures in this thesis to understand how VBFD could be used to improve fire 
safety and asset loss control through earlier warning of fires in underground mines. The assessment 
of fire safety and asset loss control, and the potential for its improvement using VBFD, is a suitable 
example of how performance based fire engineering can be successfully applied in mining. 
 
Whilst no sourced examples of mining fire engineering following a formally recognised, 
documented and referenced performance based fire engineering framework were evident, work 
carried out by several researchers was useful in identifying the research gaps that were proposed to 
be addressed in this research using performance based fire engineering in a mining context. 
 
Studies of mine evacuation under fire emergency conditions (Gao et al., 2008) and  scoping studies 
into the application of performance based fire engineering design in relation to spontaneous 
combustion fires (Deng et al., 2008), are examples of a growing interest in the application of a 
defined fire engineering framework to mining. Performance based fire engineering applied to fixed 
plant fires in underground mines to improve life safety and asset loss control were however not 
evident in the literature reviewed. 
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Subsequent to the Fire Engineering Guidelines 1996 Edition (ABCB, 1996), which was focussed on 
developments in Australia and New Zealand, a later edition was developed titled ‘The Fire Safety 
Engineering Guidelines Edition 2001’ (ABCB, 2001), which reflected world’s best practice at the 
time of its publication. The current internationally accepted framework for fire engineering, which 
provides a guideline to the assessment approach, but not the methodology, has been previously 
identified as the International Fire Engineering Guidelines Edition 2005 (ABCB, 2005), referred to 
within the fire engineering industry as the ‘IFEG’. The IFEG sets out a typical process, which it 
proposes to be followed for fire engineering design.  
 
In performance based fire engineering, an important first step of the process is the development of a 
‘Fire Engineering Brief’. After this analysis is carried out, a collation and evaluation of the results 
are implemented, which leads to conclusions that direct the analysis effort in a certain direction. 
Finally, a ‘Fire Engineering Report’ is developed, which includes the full analysis (ABCB, 2005) of 
the fire engineering. Figure 18 shows the fire engineering development steps as outlined in the IFEG 
(ABCB, 2005). 
 
 
Figure 18: International Fire Engineering Guidelines Process (ABCB, 2005) 
 
An important aspect of the IFEG process is the development of the Fire Engineering Design Brief 
(FEDB), which is very similar in a sense, to a research proposal for a thesis. The FEDB outlines how 
the actual fire engineering assessment will be carried out and documents all of the parameters of the 
fire engineering analysis (ABCB, 2005). 
 Characterisation of Underground Mine Fires – Simulating the ‘Design Fire’ 
Research carried out by Gillies and Wu (Gillies, 2004), as part of an ACARP sponsored project 
evolved into the computer based analysis of a range of mine fires to understand factors, such as 
rescue responses, preplanning of escape scenarios, and general interaction with mines rescue 
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organisations. The research utilised the Polish fire simulation software ‘Ventgraph’ (Pritchard, 2010) 
in relation to smoke movement under a range of ventilation conditions.  
 
Figure 19 shows phenomenon identified by Gillies and Wu (Gillies, 2004) in their paper on mine 
fires.  
 
 
Figure 19: Mine fire smoke movement 
 
Mine Fire Smoke Movement Wu and Gillies utilise the Ventgraph (Pritchard, 2010) software 
package to simulate mine fires to demonstrate how Mine Rescue Teams can benefit from virtual 
reality fire scenario training. They provide a useful explanation of the dynamics of mine evacuation 
requirements and mines rescue intervention (Wu & Gillies, 2006). Information from this source has 
been utilised and referenced in the subject research to assist with the development of mine fire 
intervention models based on VBFD early fire detection and the Video sequences that will be 
available to mines rescue authorities prior to and during fire intervention. 
 
A considerable opportunity existed to extend on Wu and Gillies work (Wu & Gillies, 2006) by using 
CFD and methods typically applied to building and tunnel fire safety design engineering. 
 
As previously identified by Drysdale (Drysdale, 1998) - the spontaneous combustion within solids 
and smouldering combustion is of utmost relevance to underground coal mining, it is significant 
because the fires assessed in this research directly relate to this phenomenon. Heated coal on the 
surface of belt conveyor components, the subject of this research, typically involves spontaneous 
ignition and in some cases, a phenomenon that can be described as a thermal explosion. Drysdale 
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refers in his text to previous work by Professor Frank-Kamenetski (Frank-Kamenetskii, 1939), 
which investigated the spontaneous heating characteristics of materials, also being applicable to the 
design fires being the subject of this research. Drysdale’s work on the production and movement of 
smoke is referenced in this thesis, as his prolific text provides considerable insight into the 
development and movement of smoke particles from smouldering combustion, involving carbon-
based materials applicable to coal combustion on mine conveyor components in underground coal 
mines. 
 
Significant to the subject of underground coal mine fixed plant fires is “The Ignition Handbook”, by 
Vyto Babrauskas (Babrauskas, 2003). It is one of the most comprehensive compilations covering the 
combustion characteristics of a wide range of materials in various forms and readily applicable to the 
analysis of coal fires. As a literature piece, it is a comprehensive research reference text of fire 
science and fire investigation and has been found to be useful to the subject research.   Of particular 
usefulness to this research, is Babrauskas’ coverage of the ‘Ignition of common solids’ (Babrauskas, 
2003) and particularly his work in ‘autoignition’, which is applicable to the pyrolysis of coal in 
contact with hot fixed plant surface, specifically being the subject fire source in this thesis. 
 
The Society of Fire Protection Engineers ‘SFPE Handbook of Fire Protection Engineering’ (SFPE, 
2008) similarly, is a dynamic knowledge base of frequently referenced scientific fire engineering 
methods and processes used in all facets of fire science and fire engineering. This literature is used 
as guidance material for establishing the characteristics of the ‘design fire’ and it’s modelling using 
CFD software in this thesis. The use of computer software for analysing fires and fire related events 
in mining presents a considerable opening for research. Computational Fluid Dynamics (CFD) 
software packages, such as Fire Dynamics Simulator (FDS) (McGrattan, KB, 2005) downloadable 
from NIST and well supported, may prove more suitable for specific mining smoke movement 
assessment associated with mine design than tools used previously by Wu and Gillies utilising the 
Ventgraph (Pritchard, 2010) software. (Wu & Gillies, 2006) paper has been an important tool for 
better understanding the suitability of software packages for modelling mining gas and pollution 
events, but appears more aligned with the operational aspect of existing mines, rather than 
engineering design. 
 
CFD is seen as a design tool for developing new mines and mine extensions by applying first 
principles physics to solving the mass continuity and energy conservation equations in relation to 
fire events. The Cox and Kumar (2002) explanation provided in the SFPE Handbook 3rd Edition  
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(Cox & Kumar, 2002) discusses how the behaviour of solid combustibles during pyrolysis can be 
described using the mass and energy conservation principles in the following terms: -  
 
“This application of the conservation of mass and energy is subject to the boundary 
conditions set by the gas phase. Because of this low resistance to the release of pyrolates, the 
CFD engine can incorporate the mass continuity and energy conservation equations. 
 
The mass continuity equation is: -  
 
 
with ρs being the instantaneous local density of the solid.  
 
The energy conservation equation is: - 
 
 
 
with Hp being the heat of pyrolysis.  
 
The terms on the left side represent the unsteady accumulation of energy in the solid together 
with the energy carried by the gas pyrolates through the elementary control volume.  
 
The right side comprises terms describing thermal conduction, the influence of in-depth 
absorption of thermal radiation, and the energy lost in the phase change. An Arrhenius 
pyrolysis rate equation closes the system of equations: 
 
 
 
These equations are solved by the CFD model subject to the boundary conditions at the solid 
surface that: 
 
 
where represents the net heat transfer to the solid (Cox and Kumar, 2002).” 
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In developing design fires associated with fixed plant in mines, the subject research involves 
experimentation based on data collected from mines to assess the design fire size and characteristics. 
CFD has been developed, based on these experimental fires and on the environmental inputs and 
boundaries using Fire Dynamics Simulator (FDS) (McGrattan, KB, 2005), which was produced by 
Kevin McGrattan of the National Institute Standards and Technology (NIST) to promote the 
development of Fire Engineering and it has become an internationally accepted quasi standard for 
fire engineering numerical modelling.  
 
The majority of fire engineering researchers utilise FDS, however Ventgraph (Pritchard, 2010) may 
have operational use advantages over FDS but Ventgraph has not been applied in this research. 
 
Mine fire CFD simulation studies by (Jia, 2008a, 2008b) are not readily applicable to this research, 
as the mine designs and evacuation strategies of Chinese mines differ significantly to mines designed 
in Australia and other Western countries. A significant opportunity emanating from the subject 
VBFD research is the potential for applying VBFD in Chinese mines. Lowndes et al. (2005) carried 
out some very interesting and applicable experimental validation of developed CFD models of 
conveyor belt fires in a mining gallery. This work (Lowndes et al., 2005) has been a very useful 
reference source to the subject research. 
 Experimental Design 
In relation to the experimental design involved in the subject research, approaches to 
experimentation from Litton’s work at NIOSH (Litton, 2009) are considered useful. This work was 
wide ranging in relation to fire science, covering fire detection, burning characteristics of conveyor 
belts and many other aspects of mining. The robustness of the experimental design is critical to 
ensuring good science.  
 
Napier-Munn’s (2010) approach to experimental design provides a well-informed journey through 
comparative statistics, it lays out a valuable approach to experimental design that can be applied to 
almost any experiment, whether within the minerals engineering field or otherwise. Some simple 
rules that consider the following points as applied to this research, as well as the experimental 
statistical analysis reference information provided in the text: - 
 
a. The specific experimental objectives 
b. The experiments required 
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c. Experimental error 
d. Factor interaction and potential for screening 
e. Logistical and practical aspects of the experiments 
(Napier-Munn, 2010) 
 Tenability of Mine Fires 
Using appropriate CFD tools validated by experimentation, a significant opportunity exists in 
relation to better understanding smoke management, particularly when early warning of fires using 
VBFD is possible. A substantial knowledge of smoke movement is however required to be able to 
use CFD numerical modelling effectively.  Unfortunately, only minimal mining related research 
could be presented as primary fire engineering smoke management references for underground 
mining in this literature review. The two most useful and suitably applicable fire engineering texts of 
underground mine fire engineering are ‘Design of Smoke Management Systems’ and a later 
reference, ‘Principles of Smoke Management’ both by the same authors - (Klote, Beyler & Milke, 
1993; Klote & Milke, 2002). These books consolidate the theory of smoke movement under various 
fire conditions, which is very important for estimating tenability for occupants (in the context of 
structural fires) or mineworkers in the context of underground mine fires.  Whilst the examples are 
predominantly building enclosures centric, the physics remains applicable to the underground 
mining environment. 
 
Openings exist for further research applied to mining using the themes of Klote and Milke’s smoke 
management work (Klote & Milke, 2002; Qld_Govt, 2010), which would likely result in a 
significant contribution to mine fire knowledge. This is particularly important in the context of 
VBFD research, as VBFD can be used strategically to initiate early smoke management actions in 
underground mines and much of the current mine regulations relate to smoke (and pollutants) 
management (Qld_Govt, 2010). The focus of the current research is the application of VBFD to 
mining rather than a comparative analysis of smoke movement in non-mining and mining 
applications. 
 
Klote and Milke (2002) provide an informative methodology for assessing occupant tenability in 
smoke affected compartments. This work addresses visibility through smoke, exposure to gases 
including: fractional incapacitating dose; exposure to heat and exposure to thermal radiation, which 
are all of relevance to miner safety. Further information is presented later in (Klote, Beyler & Milke, 
1993; Klote & Milke, 2002) about evacuation analysis and hazard analysis in separate chapters. 
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Their work is considered very highly by the professional fire engineering community, used as higher 
education course texts and is important to the subject research where parallels between underground 
mining scenarios and non-mining applications can be drawn. For instance, the similarity of smoke 
movement in road tunnels to smoke movement in some mine scenarios is beneficial to mining by 
means of comparison and it presents an opportunity to draw on related material. Considerable 
research has been carried out in the area of tunnel ventilation. (Yung et al., 2007) assesses three fire 
scenarios and compares CFD models of each using FDS (McGrattan, KB, 2005). The Young et al. 
(2007) suggest that “The Fire Dynamics Simulator” (FDS) software could be used to model smoke 
spread and the time available for evacuation, based on a visibility limit when occupants cannot find 
their way to the emergency exits.” (Yung et al., 2007)  
 
In Figure 20 shows a CFD model of simulated smoke movement in road tunnels based on three 
different design fire scenarios (Kashef et al., 2010) compares the level of smoke in the tunnels at the 
same time after ignition. Each scenario demonstrates backfilling of the tunnel against the ventilation 
airflow of 2.5 ms-1 shown at 180 s and 300 s after fire initiation, however the difference in fire sizes 
and backpressure cause increased levels of smoke back filling. The application of CFD modelling in 
underground mining is similar to its application in road tunnel design and is used in this thesis.  
 
Two of the scenarios exhibit significant and fast fire growth (Refer to Fires B and C), whilst one is a 
relatively small fire (Refer to Fire A). Fire A is similar in Heat Release Rate (HRR) and smoke 
production as the design fires in the subject research. From this example, it is clear that openings 
exist in mining fire safety for research that assesses smoke movement and early detection of smoke 
in the mine workings as very little CFD modelling of mine fires has been uncovered in the subject 
literature search. It follows that CFD analysis validated by robust experimentation is an important 
tool and has been exploited in this research. 
 
A further example of how CFD analysis may be used to analyse fire growth can be seen in Figure 
21, where an image of a small pyrolysis fire associated with the subject research was carried out in 
the SIMTARS (Refer Chapter 4 Laboratory Studies) dust explosion propagation room (note the 
explosion pipe in the foreground).  A weak smoke plume emanated from the fire source in the centre 
of the image, which simulated an overheated bearing housing. Note that at the top of the image, the 
smoke is seen to stratify. 
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 Fire Risk Management Opportunities Using VBFD 
Whilst it might be shown that VBFD is able to detect fires much earlier than contemporary fire 
detection methods used in underground mines, the question of quantification of actual fire risk 
improvement is imperative for benchmarking VBFD performance improvement against a wide range 
of alternative technology. 
 
A recent fire risk assessment text, that is currently used in tertiary institutes in Australia and 
internationally (A M Hasofer, 2007) is building related, however the methodology presented is 
generic and may readily be applied to fire scenarios in the underground mine context. Hasofer et al. 
(2007) provide in their book, the results of many years of research and development of the 
‘CESARE-Risk’ software program from Victoria University’s - Centre for Environmental Safety 
And Risk Engineering (CESARE). A subject that is of significant relevance to the subject thesis 
research is the section (A M Hasofer, 2007) that deals with stochastic fire growth models.  
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Figure 20: CFD Image of three comparative road tunnel fires 
 
Note:  
1. Scenario A – Low back pressure due to large opening barrier. 
2. Scenario B – Medium back pressure due to mid-size opening height barrier 
3. Scenario C – High back pressure due to small opening barrier 
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Figure 21: CFD image of simulated bearing fire at SIMTARS 
  
 The most beneficial direction to focus VBFD in mining research 
The most beneficial direction of VBFD research focus in relation to mining is to understand how it 
can be used to save lives and protect assets through earlier warning of fires in underground mines. 
Additionally, considerable gains may be realised through averting asset and production losses 
(Whillier, 1978).  As fire growth increases and its subsequent spread occurs, a decrease in available 
mineworker evacuation time results due to the typical onset of untenable conditions (ABCB, 2005). 
Under an increased fire growth scenario, an increase in fire suppression system capacity is required 
to control the advancing fire spread because the heat release rate and spread of the fire becomes 
proportionally larger as a result of time since ignition. Fire engineering analysis approaches used for 
non-mining environments (Cote, 2000) have been applied to analyse human behaviour in mine fire 
situations using deterministic and probabilistic methods in this research. The second thesis research 
question is focused on this premise and postulates whether earlier fire detection in underground 
mining can be used to reduce the time period associated with the ‘fire detection phase’ of RSET to 
improve fire safety and asset loss control? The answer to this question is generally considered ‘yes’ 
due to earlier fire detection providing earlier warning of an impending fire; so earlier warning 
provides more time for mineworkers to evacuate (ABCB, 2005). 
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Significantly, the only early warning sign of fire in a mine is the production of smoke as a result of 
overheating of conveyor components in relation to fixed plant fires, such as pulley bearings (J. Hart 
2013, pers. comm., 23 January). This is typically followed by the production of CO as a result of the 
incomplete oxidation of coal in the vicinity of the overheated parts and burning of the fixed plant 
components themselves. A range of similar fire hazards exist associated with other fixed plant items 
in underground mines, including refuelling locations, the results of electrical arcing and overheating 
and fires associated with vehicles and transportable components (Ray, S. Kr & Ghosh, 2008).  
 
Early detection of combustion products is a significant factor in minimising loss through early fire 
intervention, leading to early suppression and evacuation where applicable. There is potential benefit 
in taking this research approach, as the NIOSH report that 1601 reportable fires occurred in U.S. 
mines over an 18 year period. The leading cause was flame cutting, welding operations, frictional 
heating and ignitions, electrical shorts, mobile equipment malfunctions and spontaneous combustion 
(Trevits, 2008). Interestingly, only 20 of these fires related to spontaneous combustion, however the 
consequences of these fires are not detailed in this report. This data indicates fires relating to fixed 
plant, and activities associated with fixed plant, are a significant contributor to mine losses in the 
U.S. 
 
 Australian mine fire statistics (Dunn, 2010) appear to reflect the US situation, however are not 
discriminative enough to allow identification of fixed plant fire occurrences. Mine fires in relation to 
fixed plant do occur and reports, such as (Cliff, David. et al., 1998) suggest this represents a 
considerable fire risk. 
 
A major benefit of VBFD research for improving fire safety and asset loss control is to significantly 
increase the knowledge in this area by taking a robust, systematic and quantitative assessment 
approach to fire detection in mining and methods of improving mine design, using VBFD, which has 
scarcely been addressed previously using a scientific based approach (Chen et al., 2006). 
 
The United States is a leader in the development of mine fire protection Standards, with the National 
Fire Protection Association (NFPA) the key development organisation. The 18th and 19th Editions 
of the NFPA Fire Protection Handbooks (Cote, 2000) are important examples of significant works 
available from a very narrow knowledge base relating to fire protection design in mining.  Cote 
(2000) in the ‘NFPA Handbook’ in Section 9-31, addresses Mining Methods and Equipment. Whilst 
the methods of fire protection require updating to reflect today’s best practice in available 
technology, the fundamental descriptions of the fire risks remain the same and useful to the subject 
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research. The NFPA Fire Protection Handbook, first published in 1896 (Grant, 1996), which is 
currently at its nineteenth (19th) edition, suggests that ‘fires detected within their first 15 minutes 
only lightly damage a mine’. (Cote, 2000)  
The direction of research to date, which does not include VBFD research, has predominantly been 
by the NFPA in the USA. The NFPA Handbook states that: “Thermal fire detection systems are 
commonly installed over conveyor belts, belt drives and take-ups, and other unattended equipment. 
In localized, high-hazard areas, such as flammable and combustible liquids storage areas, refuelling 
areas, and shops (i.e. workshops), faster acting fire detection devices may be appropriate.” (Cote, 
2000). VBFD however, has not been addressed by NFPA for mining applications. 
 
It is concerning that the NFPA Handbook takes the view that a mine fire can be permitted to grow 
and spread for 15 minutes prior to its detection.  This research addresses detection of smoke at a 
much earlier stage of fire growth and well before that described by Cote (2000), as it is important to 
be able to control the fire before it significantly grows. 
 
During the subject research period, the University of Queensland - Sustainable Minerals Institute - 
presented its Inaugural RHD Student Conference (i.e. in November 2009), where students presented 
short papers on their research progress.  
 
Figure 22 is an extract from the presentation of the subject thesis by the PhD candidate/author and 
shows a schematic image of a typical (not to scale) fire growth curve from incipient burning stage 
(i.e. non-flaming) through to a flaming fire. Note that heat (i.e. thermal) detection is only suitable for 
the ‘flaming’ section of the fire growth curve (See Figure 22).  The incipient burning portion of the 
fire curve may remain in this combustion state for a much longer period than the flaming portion of 
the curve, perhaps several hours or even several days before flaming occurs with subsequent heat 
detection potentially activated. The purpose of the diagram is to graphically identify the stages of 
fire growth and where preferential fire detection methods are applied. As previously noted, it is ‘not 
to scale’, but is however intended to be informative. 
 
NFPA 123: Standard for Fire Prevention and Control in Underground Bituminous Coal Mines, 1999 
Edition (NFPA, 1999), has evolved over many years to its current iteration. This Standard prescribes 
fire detection and fire protection requirements for coalmines in the US. It has been applied to various 
mines worldwide; as most countries do not have well developed mine fire protection Standards and 
many mine insurers, especially those who are U.S. based, insist on this Standard for design of mine 
fire protection systems. 
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 Further VBFD information sourced from Meetings and Discussions 
Throughout the research period a number of opportunities arose to meet with significant individuals 
in terms of their experience and knowledge relating to mining, mine fire engineering and VBFD. 
 
a) D-Tec Video Smoke Detection (VSD) manufacturer (UK) – 19/7/2010 
A meeting with senior members of the AD Holdings marketing team in Portsmouth (UK) 
identified several locations in London where recent VSD (VBFD) installations had occurred.  
The VSD installation company suggested that access should be sought to Waterloo Railway 
Station to understand commissioning problems that existed with this new technology at that time. 
(Maslen & Stent 2010, pers. comm., 20th July) 
 
b) Kingfell Fire Engineering 22/7/2010 
A meeting with senior fire engineering staff at Kingfell Fire Engineering who installed the VSD at 
Waterloo Station was undertaken. A site visit to nearby Waterloo Station led to a visual inspection of 
the VSD system from a location accessible to the public, including from the platforms and public 
areas. It was understood that initial problems occurred as a result of reflection of sunlight from bulk 
baggage that was intermittently moved by baggage handlers on trolleys and forklifts. The VSD 
system utilised both the system smoke detection algorithms, as well as the flame detection 
algorithms. It was understood that the flame detection algorithm had been previously triggered as a 
result of reflected light from moving baggage. This problem was eventually overcome using 
standard methods involving the virtual ‘hiding’ of certain parts of the image to eliminate the 
problem. Some of the issues raised with Kingfell (Stephenson, 2010) included: - 
 
a. What was the lowest light level they were able to detect smoke at? – 10 lux. 
b. What is the highest obscuration you can detect smoke at? – Not measured. 
c. Has there been any statistical analysis of VSD fire alarms? – No, not by Kingfell. 
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Figure 22: Fire growth rate curve showing typical fire detection methods for various fire stages 
 
 
c) Fike Signifire™ Video Detector (ViD) (USA) – 13/9/13 
A training session was organised at Fike in Baltimore, USA for September 2013. The training 
included an overview of the Signifire™ installation requirements and a general description of the 
product, its limitations and operational factors. This particular equipment was the specific brand 
and type of equipment used throughout the subject research, so the information sought and 
provided was quite useful (Fike_Training, 2013). 
 
Some of the questions/issues that were raised with Fike included: - 
 
a. What is the detection methodology used by Signifire™ in the ViD detectors used in the 
subject experimental research? – The detectors/software utilise edge monitoring and the 
view incorporates an ageing factor. This means that the image is analysed for edges that 
appear to be a ‘smoke’ plume and then these edges are considered by the software for a 
period of time to assess whether the changes that occur are similar to smoke from a fire 
or another vapour source, such as steam or fog.  
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b. Can the installed VBFD (ViD) system be communicated with remotely so as to download 
detection data and other information? – Yes, remote connection utilises the ‘Port 
Forwarding Rule’ where if connected to remotely from an authorised source, it forwards 
the Port address to the client, so mine systems may be monitored from off site. 
 
c. Considerable standard training material was provided outlining facts on how the ViD 
systems should be installed and managed. 
 
d) NIOSH Meeting with Charles ‘Dave’ Litton – USA 14/9/13 
 
A meeting was held at NIOSH, in Pittsburgh USA with Dave Litton to discuss the progress of 
mine fire detection by NIOSH, which is a program that NIOSH has embarked on some years ago 
as part of a government funded review of mine fire and explosion safety (NIOSH, 2015). 
 
The subject research of this thesis was also discussed and its applicability to improving fire 
safety and asset loss control in underground mines both within Australia and internationally.  
Some of the questions/issues raised with NIOSH included: - 
 
a. Is VBFD likely to provide effective earlier fire detection than CO detection, as NIOSH 
was researching improved CO detection methods and if successful, considering 
facilitating the implementation of regulatory change to require comprehensive CO 
monitoring in all underground coalmines. 
 
b. Mr Litton requested an overview of how the VBFD system could be implemented in an 
underground coalmine environment, either in conjunction with or as an alternative to CO 
detection. (Litton, 2013) 
 
e) Site visit and technical review of Arnot Power Station Africa 20/4/15 
 
Arnot Power Station is a coal fired power station in Middleburg, South Africa. It has an 
extensive installation of over 360 VBFD CCTV cameras throughout the facility with 
numerous ViDs in coal handling areas such as conveyor systems and bunkers. Considerable 
information on VBFD reliability was obtained from this facility and is reported in Chapter 3. 
 
 
 
 
79 
 VBFD research resulting from Conference Paper Development. 
Several conference papers and presentations were developed during the PhD candidature period 
requiring considerable literature research and discussion with miner’s representatives and VBFD 
equipment manufacturers. The papers reported on the progress of the subject thesis with the initial 
paper introducing and perhaps reminding the Australian underground coalmining community of the 
purpose of fire engineering and what this form of engineering has to offer the mining industry by 
providing scientifically based fire safety designs, rather than blanket approach designs of 
prescriptive standards. 
 
This paper explained how underground mine fire protection design was emerging from a history of 
‘blanket approach’ prescriptive fire protection design and is starting to embrace fire safety analysis 
techniques that have been successfully used in performance-based fire engineering in the built 
environment, such as the transport tunnelling industry. 
 
In Australia, the leading practice fire engineering approach is to apply the IIFEG (ABCB, 2005) and 
its methods as a design assessment framework. This approach has been used in this research to 
quantify the performance of mine fire detection and therefore control of fire spread, paving the way 
for improvements in mine fire intervention and mine worker escape. This introductory paper 
presented the method of early fire detection using closed circuit television cameras and Video 
analysis software associated with fixed plant fires leading to increased ASET compared with 
contemporary point type fire detectors and gas monitoring sensors. Successful pilot tests of the fire 
detection technology, that had been carried out as ‘Proof of Concept’ tests involving simulated mine 
conditions, was presented. It explained how a quantified and scientifically informed risk-based 
approach, offering improvements in mine fire rescue intervention and evacuation methodologies was 
achieved. 
 
As the PhD research successfully accomplished the next stage of detailed testing, a further update 
was provided to industry presenting the findings of the SIMTARS laboratory experimentation, 
which compared VBFD detection response with CO detection response in a simulated mine 
environment. This conference paper update showed how the analysis of mine fire growth and spread 
is important for improving safe emergency egress for mineworkers in fires. It introduced to the 
conference audience and journal readers the fire engineering term - ‘design fire’ that describes the 
characterisation of a fire in relation to its growth and decay. It informed how defining the design fire 
is the starting point for managing the fire risk of a mine and is the basis for further analysis of 
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emergency response. The paper presented the results of experiments carried out at the SIMTARS 
facilities and explained how this research was part of the Minerals Industry Safety and Health Centre 
(MISHC) project to better understand the detection capabilities of VBFD in relation to weak plumes 
from the early combustion of coal associated with fixed plant. It explained how this part of the 
research specifically dealt with assessing the physical dimensions and shape of the low energy, non-
flaming weak plumes formed from smouldering coal fires. It demonstrated how experimental 
methods were used to successfully validate the corresponding numerical simulation of the design fire 
so it can be used for further research. 
 
An opportunity to develop a further paper came about as part of an investigation that Ensham mine 
wished to undertake to determine opportunities to use fire engineered solutions as an alternative to 
prescribed regulatory fire protection solutions. This was an opening to move slightly outside the 
current thesis scope by considering hypothetical comparative scenarios of passive fire protection 
versus early VBFD fire detection in relation to evacuation time. The potential use of VBFD was in 
contrast with today’s industry design trends for escape ways where separation and segregation 
appear to be been based largely on interpretations of current legislation and opinions of regulators. 
This approach has been regularly found onerous and costly to implement.  It is also of note that this 
design approach has historically occurred without use of a formal risk management process (J. Hart 
2013, pers. comm., 23 January). As the current act and regulations are risk based, it was considered 
that a more synergetic legislative compliance solution would be achieved using a fire engineered 
performance based approach.  
 
The paper reported on a site-based study that addressed underground fires and the effects these fires 
have on underground personnel, ventilation and infrastructure in the context of fire occurrence 
within current design parameters. To establish context and purpose, a mine-site risk assessment was 
initially carried out to identify and prioritise credible threat scenarios in relation to fixed and mobile 
plant that could affect the underground environment. The deliberations of the risk workshop carried 
out at Ensham Mine involving key personnel, identified a range of credible fire related threats. These 
are summarised as follows: - 
 
1. Coal fire on belt, spread of fire, multiple locations; 
2. Coal fire at transfer point, drive head, loop take up, winches; 
3. Oil, grease fire; 
4. Electrical fire, transformer, starter, cables; 
5. Services roadway fire - vehicle, electrical;  
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6. Transport road vehicle fire; and 
7. Ingress of smoke from external sources – surface vehicle, bush fire. 
 
The experienced risk workshop attendees established that fires associated with belts and transfer 
points (Items 1 and 2) were the most significant credible threats and would be the focus of the study, 
which has also been the outcome of statistical observations from the subject thesis. The hypothetical 
fire scenario for Item 1 – ‘Coal fire on belt, spread of fire, multiple locations’ – as assessed in this 
paper, was considered to involve the overheating of an exposed conveyor belt roller in a primary 
escape way. The intent of the study was to compare two contrasting alternative approaches to 
managing potential belt fires and consequently determine the lowest fire safety risk outcome for 
escaping mineworkers. 
 
The first method was considered to be a typical ‘prescriptive’ approach involving the construction of 
a passive fire barrier to enclose the exposed belt section across the primary escape road and by doing 
so, enclose a potentially fully developed fire. The alternative approach utilised a very early fire 
detection solution using VBFD to detect early smouldering pyrolysis fires in the absence of a passive 
fire barrier. Based on analysis, numerical modelling and the results of experimentation carried out at 
SIMTARS during 2012 (Refer Chapter 4) related to the subject thesis where it was estimated that the 
early detection approach would achieve a lower fire safety risk for miners, as considerably longer 
ASET was achievable. 
 
A further conference paper delivered during the PhD research period reported on the findings 
subsequent to the collection of experimental data at SIMTARS comparing VBFD activation with CO 
sensing levels. It extended on a previous paper and it considered statistical analysis of the results of 
the testing. The ability of CO sensing to detect early stage smouldering of fixed plant fires in 
underground coalmines was assessed as part of the subject ongoing fire detection research project. 
The experiments carried out to record the level of CO concurrent at the time of alarm activation of a 
VBFD system identified that the pyrolysis fires used in the experiments produced only very low 
levels of CO. The tests were carried out under simulated mine conditions within the SIMTARS 
facility at Redbank, Queensland. The experimental setup initially located the CO sensors in positions 
as they would typically be installed underground. On testing the experimental setup, it was found 
that the amount of CO produced from simulated overheating conveyor belt bearing housings did not 
display a reading on the CO sensors. The VBFD system however detected smoke and alarmed on 
each of the trial tests. 
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To enable the experiments to proceed and a comparison to be made, the CO sensors were moved 
considerably closer to the weak pyrolysis fire source.   
 
The question of CO sensor capability in typical operational mine positions was highlighted as a 
result of this experiment. CFD modelling was used to estimate the fire size required to activate CO 
sensors under typical mining conditions.  This modelling reinforced the limitations in using CO 
detectors on fixed plant. As such, the study presented here indicated that CO sensing may not be the 
most effective early fire detection option available, and that further research and development work 
with VBFD should be undertaken.  
 
A further opportunity arose to present the findings to date of the subject VBFD research thesis in 
Aachen, Germany amongst a wider industry cohort and so as to obtain input from international peer 
reviewers. The paper was peer reviewed by European and United States Professors of mining 
engineering with a successful outcome. This conference paper explained how VBFD is an emerging 
volume type smoke detection technology that utilises CCTV cameras to capture and analyse real 
time video data for the purpose of smoke recognition. It described the VBFD technology 
performance and how it was compared with the performance of fire detection methods currently 
used in underground coalmines to determine whether valuable improvements to fire safety and asset 
loss control could be made. It identified that significantly decreased RSET for mineworkers and a 
longer available response time to extinguish fires earlier were considered the primary measures of 
success. 
 
The Aachen paper explained the outcomes of the early Proofs of Concept trials that were carried out 
and how these tests successfully demonstrated the capability of VBFD to detect small coal fires 
associated with fixed plant installations in a low light level simulated mine environment.  It went on 
to detail the outcome of the experiments at SIMTARS. Feedback provided subsequent to the 
delivery of this paper indicated that considerable concerns existed in the capability of CO sensors to 
perform an early fire detection function when installed in typical locations in operational mines. The 
concern was that a small fire might go undetected in such circumstances until it grew and spread and 
became large before producing enough CO to activate the installed CO sensors. This presentation 
demonstrated how CFD was subsequently used to estimate the fire size that could produce a level of 
CO adequate to activate CO sensors in a mine. It explained that the estimated fire size was 
significantly larger than the small pyrolysis design fire used in the experiments. The conclusion 
drawn from this was that larger fires would be considerably more onerous in terms of ASET for 
mineworkers to escape the mine workings compared with the design fire detected much earlier by 
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VBFD in the SIMTARS experiments. Clearly, the very early detection of fixed plant fires using 
VBFD outperformed CO sensing in the experimental environment. 
 
The Aachen University audience was shown that VBFD offers considerably faster response to 
visible smoke plumes than forms of smoke detection currently used in underground coalmines. In 
terms of VBFD reliability, it was shown to be more resistant to contamination from mine pollutants 
than typical commercial ‘point type’ photoelectric or ionisation smoke detectors. Unlike CO sensors, 
VBFD was not affected by sensor drift. The results of this research have provided a better 
understanding of how more time can be achieved for mineworkers to evacuate mines prior to the 
onset of untenable conditions resulting from the physiological hazards of fire and smoke. 
Additionally, improved asset loss control for underground mining is achievable through the 
successful development of VBFD in mining, as it provides more information earlier for mine fire 
fighters to intervene in the growth and spread of fire, therefore maintainable coal production is 
achievable. 
 Conclusions 
The literature review has identified three key research questions, as follows: - 
 
a. Can VBFD be used in underground mining to detect fixed plant fires significantly faster and 
more effectively than contemporary CO gas detection?  
 
b. Can earlier fire detection using VBFD in underground mining be used to reduce the time period 
associated with the ‘fire detection phase’ of RSET and therefore provide more overall time to 
escape and respond? 
 
c. Can fire engineering analysis methods as outlined in the IFEG (ABCB, 2005), which are 
currently used for building and transport tunnel design, be applied to underground mine design to 
quantitatively analyse and compare the level of mineworker fire safety, as well as the ability to 
improve asset loss control where VBFD is used as an alternative to CO sensor level detection? 
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Abstract 
If improvements to underground mine fire safety and asset loss control were to be made, a means of 
accurately detecting the location of early fire outbreaks was required. Additionally, the application 
of a suitably recognised systematic method of quantifying such potential fire detection gains, 
compared with existing forms of fire detection was needed. 
 
Recently emerged VBFD technology was considered to be a possible solution for achieving 
repeatable smoke detection results in the underground coalmine environment.  
 
The VBFD operating principle does not require the CCTV detector to be immersed in the typical 
mine fire products of combustion, such as smoke or gas particles. As a result, VBFD was perceived 
to be considerably advantageous in terms of detector contamination than current mine fire detection 
technology. The mode of operation of VBFD is referred to as ‘Volume Type Detection’, as it is 
designed to detect smoke anywhere (i.e. or substantially anywhere) within the volume of the test 
space. In contrast, the alternative ‘Point Type Detection’ is designed to detect specific products of 
combustion at specific points only within the test space. 
 
Early proofs of concept trials in relation to VBFD were carried out at the underground training 
gallery of the Mines Rescue Training Centre, Wollongong, Australia. These tests successfully 
demonstrated the capability of VBFD to detect small coal fires associated with fixed plant 
installations in a low light simulated mine environment. 
 
These initial results were considered encouraging, as the aim of reliable early smoke detection is to 
reduce the time required to initiate a warning to mine occupants of a fire. This is required in order to 
increase the available time for mine occupants to evacuate to a place of safety prior to the onset of 
physiologically untenable conditions.  
 
 
The analysis method applied to assess evacuation time in the non-mining ‘built environment’ in 
Australia and other countries is outlined in the IFEG (ABCB, 2005). The conclusions drawn from 
the proofs of concept testing were that VBFD might be a solution for effective fire detection in 
underground mines and that the IFEG tool might also be suitable for assessing mine occupant fire 
safety and asset loss control in relation to plant and equipment fires.   
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3. Proof of Concept Tests 
 Introduction  
This chapter details the Proof of Concept (POC) tests carried out at the ‘Coal Services - Mines 
Rescue’ training facility in Wollongong in 2010. These were considered necessary by the University 
of Queensland to confirm the feasibility of the PhD candidature and that the university could 
subsequently support the VBFD research. 
 
In order to understand the scope of the VBFD tests carried out in Wollongong it was important to 
understand what a Proof of Concept test was. “The evidence that a product, technology or an 
information system is viable and capable of solving an organization's particular problem. A proof of 
concept is often developed for new products that have not yet come to market (PC_Mag, 2015). 
 
The opportunity to utilise the Mines Rescue facility was seen as an important contributor to the 
successful POC outcomes because it was considered essential to be able to manipulate a number of 
mine environmental parameters that might influence the capability of VBFD to detect smoke in a 
real mine (Singh & Ray, 2005). To evaluate the performance of current video smoke detection in 
mining, and to provide a POC for the development of possible future VBFD applications, a 
controlled and closely monitored simulated mining environment was required in which a range of 
early stage fires were created and recorded. The availability of adjustable background light levels 
and adjustable air velocity in mine like spaces was not present at any existing University of 
Queensland laboratory, but was available and at the Mines Rescue training facility in Wollongong. 
The implementation of sensitivity analysis was therefore possible, allowing the concept of VBFD to 
be tested for use in simulated underground mining conditions.  
 
CCTV cameras are used in mining to assist mineworkers with the surveillance of both critical and 
more general mining operations and assets, however it has not had widespread application. The 
novel utilisation of ‘standard’ CCTV cameras, coupled with image analysis software enhanced for 
the purpose of detection of fires, is currently implemented in many road and rail transport tunnels 
(Ono et al., 2006) in various countries, including Australia. The exploration of a potentially life 
saving and asset protecting benefit using VBFD technology in mining was considered a very 
important opportunity. 
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Very little academic research has been documented specifically relating to the systematic evaluation 
of VBFD in mining. Research from NIOSH in the USA is the primary source of mine fire testing 
where VBFD and other forms of fire detection have been compared (Edwards et al., 2002). Unlike 
the pyrolysis type fires associated with conveyor belt component overheating, as in the subject 
research, flaming fires were used as the fire source in the NIOSH research.  This therefore addressed 
a different fundamental research question compared with what has been addressed in the subject 
research, which deals with the very early detection of smoke from non-flaming pyrolysis fires, 
whereas previous research has assessed the detection of well-developed flaming fires, such as from 
burning conveyor belt material (Groaywig et al., 2008). 
 
The mining environment, having poor light levels, notionally high ventilation rates and with the 
possible presence of water mist, dust and other pollutants obscuring the target image, particularly 
underground, does not provide a very conducive environment for quality video capture (Francart, 
2006). In comparison, the relatively ‘clean’ road tunnel environment where VBFD has been 
previously applied (Yung et al., 2007) has proven very effective for detecting fires. For this reason, 
an environment that was able to simulate mine conditions was sought to prove VBFD operability, 
leading to the Coal Services – Mines Rescue training facility in Wollongong being used. 
 
The reference fires in this research were considered ‘small’ in fire engineering terms (ABCB, 2001), 
as they are intended to simulate the early overheating of a conveyor pulley and a bearing housing 
covered with combustible materials (belt fragments, coal dust) under stalled frictionally heated 
conditions. 
 
The subject POC experiment demonstrated that current commercially available VBFD was capable 
of detecting early stage smoke development from coal pyrolysis fires (Song, 2005) within a 
simulated mining environment. 
 Method 
The tests carried out at the Coal Services Mines Rescue facility involved a working environment 
significantly different in terms of operational hazards compared with a typical university research 
laboratory. A risk-based approach to personal safety (Refer to Appendix 3 and 4) was therefore 
taken to control hazards at the simulated mine location. This approach is recommended for potential 
replications of these experiments. 
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The method applied for the POC testing of the VBFD was divided into four (4) parts, as follows: - 
 
a) - Test Environment 
b) - Design Fire 
c) - Video Based Fire Detection 
d) - Proof of Concept Test Procedure 
 A Risk-Based Approach to Safety 
To allow the tests to proceed safely, a robust University of Queensland (UQ) safe work methodology 
was applied, as detailed in Appendix2 with agreement between the UQ and the Coal Services Mines 
Rescue training management prior to the experiments being carried out.  
 
As the experimental area involved a dimly lit working environment with slip, trip and fall hazards a 
risk assessment was seen as necessary and carried out to manage these hazards. Additionally, 
shoulder height obstructions, such as imitation rib bolts that might lead to injuries on impact, were 
risk assessed and subsequent risk controls put in place (Refer Appendix 2 – Safe Work Methods 
Assessment – Proof of Concept Tests - Wollongong). Toxicological hazards relating to products of 
combustion resulting from the heating of coal were reviewed and managed, as were personal burn 
hazards associated with the coal heating equipment and the handling of heated coal. Figure 23 shows 
the environment in which the POC tests were carried out, providing an indication of the ambient 
light levels and other potential hazards. 
 
It is essential that health and safety hazards be considered for this type of testing environment should 
replicated tests be proposed. 
 Test Environment 
The height and width of the simulated mine roadway used for the POC tests were required to be 
approximately the same dimensions as an operational conveyor belt entry. The minimum acceptable 
dimensions required were four metres (4m) wide by three metres (3m) high. The Coal Services -
Mines Rescue training roadway provided dimensions that met these requirements. 
 
The ventilation rates used in the POC tests varied between 0.1 m/s and 0.3 m/s, with lighting levels 
in the simulated mine required to be to be similar to typical operational belt transfer points. The 
range of Illuminance used for the testing was 12 lux to 17.5 lux. 
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Figure 23: Mines Rescue Training Facility test environment 
 
The length of the roadway section where the tests were carried out was required to be as long as 
practicable, as the response of VBFD to smouldering pyrolysis fires at this stage of the research was 
unknown, so the intention was not to limit the test distance. It was proposed in the experimental 
planning (Refer Appendix 4 – Detailed Experiments – Test Environment and Test Equipment) that 
the minimum distance between the fire source and the VBFD camera would be located was 10 
metres. The purpose of the target fire distance between the VBFD cameras was to simulate a range 
of representative camera locations within a typical belt transfer point.  
 
The limiting factor for test distance between the VBFD camera and the fire source was the maximum 
usable length along the longest available roadway at the Coal Services - Mines Rescue facility. The 
VBFD 
Fire 
Source 
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longest roadway was approximately 20m, with a maximum usable length of approximately 15m for 
the POC tests. Figure 24 provides a view of the Coal Services - Mines Rescue facility underground 
network as seen on the facility’s Control Room monitor. The highlighted section shows the roadway 
used in the VBFD POC tests. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24: Mines Rescue Training VBFD POC Test Location 
 
Whilst not absolutely necessary for future repetitions of the tests to be carried out, the Coal Services 
Mines Rescue facility provided a simulated conveyor section, with a walkover gantry. This 
conveniently provided a platform for the mounting of the VBFD cameras and a sturdy base for 
mounting the simulated fire source. The simulated belt system height was approximately 1.2 metres 
above floor level. The simulated conveyor belt section can be seen in the foreground of Figure 23 
image. 
 
The ambient temperature of the Coal Services Mines Rescue facility was required to simulate an 
operational mine temperature range in the vicinity of belt transfer points. The available temperature 
was relatively constant and ranged between 21.8 C and 22 C, which was considered to appropriately 
reflect typical operational mine conditions. Table 1 below summarises the simulated mine conditions 
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available for the VBFD POC tests to be carried out at the Coal Services Mines Rescue training 
facility in Wollongong. 
Table 1: Method 1 Summary - Test Environment 
 
Parameter Value (or Range of Values) 
Roadway Ceiling Height 3 m  
Roadway Width 4 m 
Air Velocity 0.1 to 0.3 m/s 
Illuminance 12 to 17.5 lux 
Roadway Length 20 m (usable length 15 m) 
VBFD Camera Height 2.5 m 
Room Temperature (Ambient) 21.8 to 22 deg. C. 
 Design Fire 
The most common source of fire starts associated with fixed plant are those involving the 
overheating of conveyor belt components (Dunn, 2010), with the most common conveyor belt 
component failure being seized bearings and pulleys. These conveyor belt components are typically 
located at transfer points within the mine workings where conveyed coal is transferred from one belt 
to another. 
 
The term ‘design fire’ describes the heat release characteristics of a fire in terms of its growth, its 
fully developed stage and its decay. The most common way of representing design fires (ABCB, 
2005) is graphically in terms of its Heat Release Rate (HRR), which is defined in kilowatts (kW) 
showing growth, steady state and decay against time. For example, the HRR of fully developed 
waste paper bin fire is in the order of 5 kW, whereas a fully developed family passenger motor 
vehicle fire HRR is in the order of 1MW (Mayfield & Hopkin, 2011). The significant difference 
between the potential design fire of the subject overheated bearing housing and the two previous 
examples is that the bearing housing fire is a pyrolysis fire only: it does not involve flaming 
combustion (Drysdale, 1998) and is a relatively low power fire. Nevertheless, two components 
remain essential for a smouldering fire to occur at a conveyor belt bearing housing, which are: - 
 
1. A layer of fuel (coal fines) in contact with the conveyor belt bearing housing; and 
2. The conveyor belt housing being hot enough to promote the pyrolysis of the coal. 
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Conveyor belt bearing housing surface areas vary depending on the dimensions of the bearing, 
which is based on many variables including machine size, manufacturer preference and others. 
 
The fire developed for the VBFD POC tests utilised a 0.25 kg quantity of finely crushed coal spread 
to a depth of 10mm in the centre of a 250 mm diameter stainless steel plate. The plate was heated 
over a propane burner with a HRR of approximately 1 kW to simulate an overheated conveyor belt 
bearing housing, as shown in Figure 25. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25: Simulated Overheated Bearing Housing Test Rig 
 
The equipment and conditions required to develop the design fire used for the POC testing of VBFD 
at the Coal Services Mines Rescue training facility in Wollongong is detailed in  
Fike Signifire™ IP cameras were selected as the VBFD cameras for the POC testing on the basis of 
local distributor support and apparent performance (Refer Appendix 4). The VBFD cameras were 
provided on loan to the University of Queensland by the Australian distributor of Signifire™ (FPT, 
2015) in the form of a demonstration kit (Refer Appendix 4) returned subsequent to the tests. Figure 
26 is an image of a Signifire™ VBFD camera, as used in the POC tests. 
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Table 2: Equipment and Conditions Required - Design Fire 
 
Equipment Conditions / Value (or Range of Values) 
Propane Burner ‘Gasmate’ Model PC-1070 providing approximately 1 
kW heating capacity. 
Circular Burner Plates 250 mm diameter with lip edge – stainless steel 
Crushed Coal 0.25 kg spread to a depth of 10 mm (granule size 
approximately 2 mm). The small coal sample was 
donated from stock held by Coal Services and was 
originally won from the Metropolitan Colliery, which is 
an underground coal mining operation located near 
Helensburgh, NSW, producing metallurgical coking coal.  
Fire Source Height 1.2 m 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26: VBFD Camera 
 
 
The VBFD demonstration kit included: - 
 
1. Two Signifire™ IP Cameras each fitted with fixed focus 2.8mm lenses 
2. Two Magnetic Mounts for the Cameras 
3. One Laptop with NVR and ‘Spyderguard™’ software installed 
4. One POE Switch 
5. All Required Cables 
SIGNIFIRE™ IP CAMERA 
DESCRIPTION
The SigniFire IP Camera is the newest edition to the SigniFire Early 
Warning fire detection line of products. The SigniFire IP Camera is 
capable of detecting and alarming on a variety of events. Once an alarm 
occurs it can be signaled through contact closures or by digital streamed 
transmissions over IP. 
Video Processing Algorithms Include:
Flaming Fires - looks for a specific fire pattern consisting of a bright core 
of the flame and a flickering corona.
*Reflected Fire Light - detects the presence of the flicking component of 
fire light reflected off of surfaces facing the fire. 
Smoke Plumes - identifies the anomalies that are caused by smoke and 
analyzes the progression over a period of time to identify a growing 
smoke plume.
Ambient Smoke - monitors the light diffusion from light sources and
bright objects in the video images to detect the pattern 
consistent with the slow accumulation of smoke.
Intrusion Detection - can monitor multiple areas of the video image 
for the presence of moving objects at different times. This 
can be used to detect and record wanted or unwanted persons. 
* Not FM approved
FEATURES AND BENEFITS 
• FM Approved for flame and smoke
• UL Listed - S24783
• CSFM Listed - 7210-1731:0100 & 7260-2001:0100
• Detection algorithms embedded on network camera
• Intelligent edge device
• Benefits of IP network camera security system
• Increased system reliability 
• Remote monitoring over the internet
• Addresses the security needs of your organization
ORDERING INFORMATION
Fike P/N Description
28-001 SigniFire IP Camera: 2.8mm, 82 Degree Total Field of View
28-024 SigniFire IP Camera: 8mm, 34 Degree Total Field of View
28-006 Lens-2.8mm, 82 Degree Total Field of View
28-007 Lens 8mm, 34 Degree Total Field of View
704 S.W. 10th Street  ·  P.O. Box 610  ·  Blue Springs, Missouri  64013-0610 U.S.A.  ·  (816) 229-3405  ·  www.fike.com
Form No. P.1.126.01-3
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6. Hard Travel Case for Storage 
 
The two VBFD cameras were located at one end of the section of simulated underground mine 
roadway on a movable gantry that crossed the conveyor belt. The purpose of the gantry was to allow 
Coal Services Mines Rescue trainees and staff to readily move from one side of the conveyor belt to 
the other without having to climb over the conveyor. The gantry conveniently allowed the two 
VBFD cameras to be mounted side by side approximately 2.5 m above floor level in a position that 
provided a view along the conveyor belt to the proposed test fire locations.  
 
The VBFD cameras were physically connected to the laptop PC via the connecting cables and 
configured to detect smoke using the proprietary software (Refer Appendix 4). Figure 27 shows the 
Fike Signifire™ VBFD demonstration kit (Refer Appendix 4) components used for the VBFD POC 
tests. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27: VBFD Demonstration Kit 
 
The VBFD cameras used for the POC testing are capable of detecting the following (Primalov & 
Lynch, 2012): - 
 
1. Flaming fires, by recognising a bright core of the flame and a flickering corona; and 
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2. Smoke plumes, by identifying the growing edge of the plume compared with the 
background, over a period of time; and 
3. Ambient smoke, by monitoring the light diffusion from light sources and bright objects in 
the Video images to detect the pattern; and 
4. Movement detection, by monitoring multiple areas of the Video image over time for the 
presence or moving or stationary objects, as required. 
 
Only capabilities listed above at items 2 and 3 were assessed as part of the POC testing, which 
included the detection of smoke plumes and ambient smoke, as these were considered appropriate to 
early detection of underground mine fixed plant fires. Table 3 summarizes the VBFD characteristics 
and settings.  
Table 3: VBFD Information 
Equipment Conditions / Value (or Range of Values) 
Signifire™ VBFD demonstration camera 
kit (Quantity of 2 x CCTV cameras) 
Fitted with 2.8 mm lenses 
Processor Memory and Clock:  Texas Instruments TMS320DM642 Digital Media 
Processor. 128 MB RAM. 
Battery backed up real time clock  
Imager:  Micron CMOS MT9M11 
Video Format:  Colour NTSC 
Video Resolution:  640 x 480 (NTSC) 
Video Compression: MJPEG 
UL Minimum Illumination:  Foot-candle (10 Lux) 
Events Notification Medium:  http network based communications, Alarm, 
Trouble and Auxiliary Dry Contacts 
Detector Performance:  
Flame: 1 ft. pan fire at 100 ft. 
Smoke:  Indoor detection verified at 100 ft. 
Motion:  Confirmable motion detection based on zones and 
schedules 
Detection Zones Detection Zones: User defined, including 
detect/non-detect logic. Each zone may be linked 
to multiple detection schedules (daily, weekly, 
monthly, yearly, single occurrence) 
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Equipment Conditions / Value (or Range of Values) 
  
Dimensions and Weight: 7 3/4” x 3 3/16” x 2 1/4” (without lens) 9 1/16” x 
3 3/16” x 2 1/4” (with lens) 
Weight: 1.7 lbs. 
Temperature Limits: 32-120°F (0-49°C) Humidity up to 5-95% non-
condensed 
Power: Power over Ethernet (POE); 12 VDC (FM), 12-24 
VDC (UL); Consumption < 5 Watts, 0.2 amps at 
24 Volts, 0.4 amps at 12 Volts 
Video Management Software:  SpyderGuard™ API available for Video 
management integration 
Connectors:  RJ-45 Ethernet Jack; Terminal block for three 
relay outputs and DC power connection; BNC for 
coaxial analogue out. 
Lenses available: 2.8mm and 8mm lenses 
 
 Proof of Concept Test Procedure 
The test method involved heating the coal fines on the 250 mm diameter simulated bearing housing, 
with the small propane burner unit, until the VBFD system recognised the smoke plume from the 
smouldering coal and generated an alarm and visually presented the outline of the recognised smoke 
plume on the laptop computer screen connected to the VBFD cameras. 
 
For each test, the commencement time of the propane heater was noted, as was the surface 
temperature of the coal sample. The time and the surface temperature of the coal sample was again 
recorded when the VBFD system generated a smoke alarm along with its concurrent outline of the 
smoke plume on the display screen.  
 
In order to stress the capability of the VBFD system under simulated mine conditions, the light 
intensity near the fire source and the air velocity over the fire source was varied. The Illuminance of 
the smoke viewing area and the air velocity over the simulated bearing fire was recorded at the 
commencement of each experiment. Additionally, the distance between the VBFD cameras and the 
fire source was varied.  
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Three sets of tests were undertaken, with the distance between the VBFDs and the fire source set 
progressively further apart. As the maximum available test distance from the VBFD cameras was 15 
metres, suitable locations to mount the experimental fire were at 2.7 m, 7.5 m and 13.9 m. 
 
The ventilation rate was maintained between 0.1 and 0.3 m/s. Light levels varied with distance from 
the fixed lighting at the midway point of the test area (7.5 m from the VBFD cameras) where it was 
17.5 lux and 12 lux at the extremities of the test area (2.7 m and 14 m) to the smoke source. The 
VBFD test layout provided in Figure 28 with a summary of test requirements listed in Table 4. 
 
 
Figure 28: VBFD Test Layout at the Coal Services - Mines Rescue facility 
 
 
 
 
Table 4: Summary of Test Requirements 
 
Equipment /Parameter Conditions / Value (or Range of Values) 
Infra Red Temperature Meter (Refer Appendix 4) 
Hot wire anemometer (Refer Appendix 4) 
Light level meter (Refer Appendix 4) 
250 gram bags of crushed coal  2 mm to 3 mm granule sizes 
Heater Unit Gasmate ™ Propane Burner (Refer Appendix 4) 
Illuminance 12 to 17.5 lux 
Air velocity over fire 0.1 to 0.3 m/s 
Ambient Temperature 21.8 to 22.0 deg. C. 
Distance of fire from VBFD 2.7 m, 7.5 m and 13.9 m. 
0 2.7 7.5 13.9 m
Belt Section
VBFDs
Belt Section Belt Section
Gantry
Direction;of;airflow
=;Fire;Source
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 Results 
The Wollongong Mines Rescue Training facility was effective for the purpose of simulating a basic 
underground mine environment as air velocity and light levels could be controlled within a narrow 
but acceptable range. Three sets of tests were carried out and each involved the fire source being 
placed at a decreasing distance in front of the VBFD cameras for three iterations. The total number 
of POC test iterations carried out was nine. The VBFD detected the small smouldering fires in each 
iteration within the simulated mining environment, except for the last test where the VBFD camera 
system failed due to a software communications error with the PC laptop (Refer Appendix 4). This 
failed test was not considered a failure in terms of detecting the smoke pattern, but was an equipment 
failure associated with a portable test rig, so was deemed invalid. 
 
Illumination: Variance in illumination of the target fire was achieved by virtue of the attenuation of 
the light from the source being fixed at 7.5 m distance from the VBFD cameras. At this point it had 
the highest level of illumination at 17.5 lux. In the other two (2) test locations at 2.7 m and 13.9 m, 
the Illumination decreased to 12 lux. 
 
Air Velocity: The air speed over the fire source varied depending on the location of the fire in 
relation to ventilation exhaust registers within the simulated mine roadway. The direction of the 
airflow at each test location was the same, so the smoke plume travelled away from the VBFD 
cameras, towards the fire source. 
 
At the 7.5 m fire distance from the VBFDs the air velocity was at the highest level of 0.3 m/s. At 2.7 
m fire distance from the VBFDs the air velocity was 0.1 m/s and at 13.9 m fire distance from the 
VBFDs the air velocity was 0.2 m/s. Figure 29 shows the experimental test rig. In this test it is 
located at the 13.9 m distance from the VBFD cameras, with the pyrolysis plume visibly being 
drawn towards the ventilation exhaust to the right of the image. Figure 30 is a record of the data 
collected at the Wollongong POC Tests. The times recorded show the time that the propane burner 
was activated (i.e. Start Time). It also shows the time that visible smoke was noted (Visible Smoke 
Time), and the time that the VBFD systems detected the smoke (i.e. End Time), for each test.  
Figure 31 shows the response of the VBFDs at different distances to the test fires. 
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Figure 29: Basic Experimental Test Rig 
 
 
 
 
 
Figure 30: Recorded Test Results 
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Figure 31: VBFD responses to simulated mine fires 
 
Table 5 details the POC test results. Note that ‘Test 3’ was discontinued after two repetitions only, as 
the laptop PC failed after the second test, which was unrelated to the VBFD operation. 
 
As shown in Figure 32, a typical VBFD smoke plume recognition screen with the fire source located 
7.5 m from the VBFD cameras. Involved in the POC tests. 
 
When the plume outline was generated and the alarm notification was displayed on the lower part of 
the screen, the corresponding time was recorded in the table as shown in Figure 30 as ‘End Time’. 
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Table 5: POC Test Results 
 
POC Test  
Distance - VBFD to Fire 
Source 
Average Detection Time 
1 7.5 m (155 + 160 + 185) / 3 (s) = 167 s. 
2 13.9 m (350 + 175 + 120) / 3 (s) = 215 s. 
3 
2.7 m 
 
(245+250) / 2 (s) = 248 s.  
(only two samples available due to system 
communications failure) 
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Figure 32: VBFD Activation Screen 
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 Conclusions 
The manufacturer’s VBFD specification nominates a minimum operating Illuminance of 10 lux 
(Primalov & Lynch, 2009)  required to detect smoke plumes. In relation to the detection of the weak 
pyrolysis plumes associated with the experimental design fire, prior to carrying out the POC tests the 
expected activation of the device in light levels of approximately 12 lux was considered to be 
unlikely due to the onerous simulated mine conditions. As the results have shown, the VBFD system 
however generated a smoke detection alarm on each fire test at light levels between 12 and 17.5 lux. 
The results were within specification, however as reported in the results, the VBFD responded faster 
to the smoke plume when the plume Illuminance was at its highest level of 17.5 lux, which was at 
7.5 m distance from the VBFD cameras. Interestingly, the lower Illuminance level of 12 lux existed 
at both the nearest and furthest distances from the VBFD cameras, being 2.7 m and 13.9 m 
respectively. The higher level of Illuminance towards the centre of the section of simulated conveyor 
belt was as a result of a permanently fixed fluorescent light. 
 
The significance of the potential benefits of this research became apparent at the time of the POC 
tests as a result of feedback from on-site discussions at mines (Anonymous 2013, pers. comm., 24 
January; J. Hart 2013, pers. comm., 23 January) and actual mine observations carried out. 
Underground coalmines, in relation to the sites visited during the study, did not appear to have 
adequate fixed plant fire detection and therefore a significant risk to mine occupants and 
development assets could only be assumed. The opportunity to improve fire safety and asset loss 
control was considered significant with the potential to use a performance-based (ABCB, 2005) 
solution involving VBFD. A performance-based fire engineering approach is not a ‘blanket style’ 
approach, it is specific and targets achieving a quantifiable level of fire risk management. More 
detailed experimentation involving comparative assessment of VBFD and typical fire detection 
systems used in underground mining at the time of this research was required and proposed 
following the success of the POC tests. 
 
The most significant foreseen benefits at this stage of the research was that it set a platform to build 
equally and substantially upon the body of knowledge of both fire engineering and mining 
engineering. It did this by proposing the IFEG (ABCB, 2005) as a tool for managing and guiding 
mining fire risk analysis in conjunction with the detailed analysis of VBFD.  
 
In more detail, four tentative conclusions were drawn: 
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1. In relation to fire engineering, the POC tests addressed one of the most onerous fire detection 
situations likely to be encountered. Based on the proof of concept trials undertaken to date, 
VBFD was considered a possible solution for providing effective fire detection in underground 
mines. 
 
2. In relation to mining engineering, the IFEG (ABCB, 2005) tool was considered potentially able 
to address mine occupant fire safety and asset loss control analysis in relation to plant and 
equipment fires – an area scarcely addressed in previous research. VBFD was considered to have 
the potential to increase the ASET (ABCB, 2005) within a mine under fire conditions, as it 
offered the ability for mines rescue to take earlier and more informed action during intervention 
procedures. 
 
3. Neither fire engineering research applied to mining, or mining engineering research addressing 
early fire detection of fixed plant mining systems, has been previously robustly researched. This 
approach to fire engineering in mines is new, as is the application of VBFD in this context.  
 
4. Further research involving IFEG (ABCB, 2005) assessment of fire scenarios in operating 
underground mines comparing VBFD detection capabilities with CO detection was required. 
 
The next stage of this research was to carry out a range of detailed experiments at SIMTARS (Refer 
Chapter 4) in Queensland under simulated mine conditions. The proposed experiments simulated 
typical mine environment conditions including air pollutants, varying light levels and varying air 
velocity. Detailed comparative assessment against CO detection was undertaken to quantify the 
performance of VBFD against gas analysis and is reported in Chapter 4 ‘Laboratory Studies’. 
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Abstract 
This research was carried out to assess the detection capabilities of VBFD in relation to weak smoke 
plumes from the early combustion of coal associated with fixed plant in underground mines. 
 
A series of experiments analysing the VBFD response to smoke stimuli were carried out at the 
SIMTARS facilities. It specifically dealt with assessing the physical dimensions and shape of the 
low energy, non-flaming weak plumes formed from smouldering coal fires associated with conveyor 
belt bearing and pulley overheating. Significantly, it measured and recorded the concurrent levels of 
CO occurring at the time of each of the subject VBFD activations on nearby CO sensors. The 
research equally demonstrated how experimental methods could be used to successfully validate a 
developed numerical simulation using CFD of the design fire and how this data could be used to 
inform further evacuation analysis.  
 
Importantly, further CFD models of specific mine layouts with their explicit environmental 
conditions may be developed in the future by incorporating this validated design fire as part of the 
CFD simulation. This data provides the ability to safely estimate the movement of early developing 
fires in underground mines and also assists in the ongoing development of VBFD.    
 
The research has produced some very positive findings to support the further development of CFD 
simulated design fires and VBFD for underground mine use. A number of correlations between the 
results of the weak plume analysis of the subject design fires used for this VBFD research and the 
methods developed by (Drysdale, 1998) for much stronger plumes have been demonstrated. This is 
particularly evident through comparing the similar dimensions of the plume size at the various stages 
of design fire development with the simulated models. 
 
The study presented in this chapter has demonstrated the potential for VBFD to provide more time 
compared with traditional CO detection for mineworkers to escape mine fires or reduce asset loss 
through early firefighting response. Further studies describing the reliability and performance of 
VBFD in operational scenarios are described in the subsequent chapter.  
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4. Laboratory Studies 
 Introduction 
This chapter reports on the detailed comparative analysis of VBFD with CO detection carried out at 
SIMTARS in Queensland. These experiments demonstrated that VBFD performed more effectively 
than CO monitoring for the purpose of early detection of fires in a simulated mining environment. 
Sensitivity analysis was carried out as part of these experiments by applying variation to both light 
levels and air velocity to the pyrolysis plumes. This was monitored by the VBFD system, which was 
compared with concurrent CO levels recorded at the time of VBFD smoke recognition using 
strategically located gas sensors. 
 
The detection phase is the first period within the RSET timeline as described in the IFEG developed 
by (ABCB, 2005) and is the quantitative analytical focus of this research. The avoidance of space 
where untenable conditions exist during evacuation is paramount to survival, so knowing the exact 
location of the fire by means of VBFD location recognition is an important contributor to achieving 
this outcome. The design of an underground mine fixed plant fire detection system should ensure 
that it effectively facilitates reducing RSET to an acceptable factor of safety less than the ASET 
period. The primary way that fire detection can assist in reducing RSET is by more promptly 
detecting and verifying a fixed plant fire and initiating an alarm signal than current approaches are 
unable to achieve. 
 
Current point type fire detection and gas analysis technology is limited in its capacity to reduce 
RSET as shown by (Litton, 2009). A timeline comparison of detection methodologies during the 
detection phase within the RSET period is the quantitative method of evacuation performance 
analysis used in this research and is an approach recognised within the framework of the IFEG by 
ABCB (ABCB, 2005). The highlighted Detection Phase of the RSET component timeline is shown 
in Figure 33. 
 
The assessment of ASET versus RSET is a performance-based analysis and design approach, as the 
concept of tenability, which is the limiting factor for safe evacuation, varies depending on the 
capacity of mineworkers to survive when exposed (i.e. aided or unaided) to the products of 
combustion (Assael, Konstantinos & Kakosimos, 2010). Some of these combustion products 
include: heat, smoke and toxic gases. The ASET and RSET vary depending on the environment, so a 
mine-specific approach is required. 
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As well as experimentation, numerical analysis in the form of Computational Fluid Dynamics (CFD) 
using FDS (McGrattan, KB, 2005) modelling was developed to simulate the experimental fires and 
also to relocate the design fire ‘virtually’ into a much larger model space for further analysis. CFD 
was subsequently used to simulate a significantly larger design fire than the actual fire used for the 
experiments. This was done so as to estimate the increased amounts of CO and heat that might 
impact on the ability of mineworkers to escape conditions involving much larger mine fires. This 
part of the analysis therefore analysed the potential impact on ASET and RSET consistent with a 
large mine fire compared with a small mine fire and in doing so, it utilised the IFEG (ABCB, 2005) 
methodology for its quantitative assessment. 
 
It was necessary to confirm that the environmental parameters available at SIMTARS were realistic  
in terms of operational mines. To achieve this, two working mine belt transfer points, typical of 
Australian mines, were assessed to determine typical light levels and typical air velocity in locations 
that VBFD would likely to be implemented in the future.  
 
Kestrel Mine in Queensland and Ensham Mine in Queensland were visited and assessed in February 
2012 to obtain lighting and air velocity data. The Illuminance and air velocity levels recorded at 
these mines are shown in the results section of this chapter. 
 
The experimental setup initially located the CO sensors in positions that they would typically be 
installed in an underground mine (Qld_Govt, 2010). During preliminary testing of the experimental 
setup, which was directly based on a predefined experimental plan, it was found that the amount of 
CO produced from the simulated overheating conveyor belt bearing housings did not cause a reading 
to be displayed on the CO sensors that were located approximately 1m in front of, after and above 
the fire source. The VBFD system however detected smoke and caused the VBFD system to alarm 
on each of the trial tests.  To enable the experiments to proceed and a comparison to be made 
between the time of VBFD activation and concurrent CO levels, the CO sensors were progressively 
moved closer to the weak pyrolysis fire source until such time that readings on the CO sensors 
developed at the time of VBFD activation. The question of CO sensor capability in typical 
operational mine positions was highlighted as a result of this experiment.  
 
As an extension to the experimentation CFD modelling was used to simulate the experimental fires 
so that several estimations could be made that would not be readily available to the research using 
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‘real’ fires in either an operational mine or a simulated mine. Simulated fires were produced, as fires 
in operational coalmines are not permitted. 
 
Whilst the developed CFD models simulated the experimental SIMTARS fires, a more challenging 
application of CFD was to estimate the increased fire size that would be required to activate CO 
sensors located under typical mining conditions in a much larger simulated coalmine, without 
actually having to cause a real fire.  This modelling reinforced the limitations in using CO detectors 
on fixed plant. As such, the study presented here indicates that CO sensing may not be the most 
effective early fire detection option available, and that wider research and development work with 
VBFD should be undertaken. 
 
CFD modelling was an important numerical method used in this research to characterise the fixed 
plant design fire. CFD models, utilising the CFD software program Fire Dynamics Simulator (FDS), 
as developed by McGrattan et al (McGrattan, KB, 2005), were used for the simulation of the design 
fire and were validated by the experimentation. 
 
The objectives addressed by this research related to the early detection of fixed plant fires in 
underground mines. It was specifically aimed at discovering how much additional time can typically 
be provided using VBFD for mineworkers in underground fixed plant fire situations to achieve 
evacuation before conditions become untenable compared with current traditional methods, such as 
CO detection. 
 
Another aspect of earlier fire detection is earlier fire intervention, otherwise referred to as 
firefighting (ABCB, 2001). Fighting fires earlier offers the ability to safely evacuate mineworkers 
from underground mines during fixed plant fire events, as it has the effect of delaying or preventing 
fire growth and fire spread. This also helps minimise asset and production losses and minimises the 
effects of increased greenhouse gases (ICMM, 2010). These benefits cannot be achieved without the 
ability to promptly and accurately determine the location and extent of fixed plant mine fires in such 
situations. 
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Figure 33: Required Safe Evacuation Time adapted from ABCB (2005) 
 
  
International Fire Engineering Guidelines — Part 1 — Process
Detection and Evacuation
Timeline
RSET Components
t0Fire initiation
 Cue period = Pc
Occurrence of cues tc
 Response period = Pr
Recognition of cues tr
 Delay period = Pd
Initiation of movement td
 Movement period = Pm
Completion of movement tm
Figure 1.8 Detection and evacuation timeline
This chapter provides guidance on quantifying the times, components and
phases described above. In particular, the RSET period is quantified so that it
may be compared with ASET (see Chapter 1.10 Collating results and drawing
conclusions).
This chapter also discusses the relationships between this sub-system and
others. Descriptions of selected methods that may be used in connection with this
sub-system may be given in Chapter 2.8. Selected data for these methods may
be given in Part 3 of these Guidelines.
Although this chapter provides guidance on the analysis of Sub-system E in the
general analysis context discussed in Chapter 1.3, each project needs to be
considered individually and the analysis varied accordingly.
Occupant Evacuation and Control — Sub-system E 1.8 – 3
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 Aims 
The primary aim of the detailed VBFD experiments carried out at SIMTARS was to simulate an 
operational mine environment, to enable the recording of levels of CO from CO sensors located 
strategically in proximity to the experimental fire at the time of each VBFD alarm activation. This 
would provide data that could be used to estimate the ability of VBFD to perform as an improvement 
over current CO sensor technology. 
 
In achieving this aim, the following research objectives were met: - 
 
 
a) To define and produce experimentally, a design fire that simulated an overheated conveyor 
belt bearing housing, as would typically be found in an underground coal mine. 
 
b) To implement sensitivity analysis of the VBFD system under simulated mine conditions. The 
independent variables included airflow and light levels. The dependent variables were 
detection time and CO levels near the fire source, which were recorded concurrently at the 
time of VBFD smoke detection. 
 
c) To simulate and replicate the experimental design fire using CFD modelling (McGrattan, 
KB, 2005) for subsequent use in a range of mine environments. 
 
d) Based on the simulated design fire, develop a further model CFD that more closely 
represents a more realistic mine (i.e. a longer roadway than could be achieved experimentally 
at SIMTARS) with CO detectors located typically where they would be within an operational 
underground coal mine. 
 
e) Based on the simulated longer underground coalmine, with CO detectors located where they 
would typically be located in an operational situation, increase the design fire so that the CO 
detectors would record a similar reading recognised as being at such a level so as to initiate a 
fire evacuation.  
 
f) To carry out a comparative analysis of ASET vs. RSET (ABCB, 2005) incorporating the 
difference in detection times for the simulated underground coalmine where CO detectors are 
located in typical locations, and VBFD is located at the fire source (i.e. a simulated conveyor 
belt transfer point bearing overheating.) 
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 Relationship to Hypothesis 
Two interrelated methods are defined in this chapter. These methods were developed to test the 
hypothesis that: - 
 
A significant improvement in fire safety and asset loss control can be achieved if fires associated 
with fixed plant in underground mines can be detected considerably earlier using VBFD than they 
are currently detected using CO detection. 
 Method 
‘Method 1’ experimentally compares in a laboratory - the time taken for a VBFD system to activate 
in response to small smouldering fires typical of an underground conveyor belt bearing housing in 
frictional overheating, with concurrent CO levels. It then recreates this fire scenario using a 
computer based CFD simulation. 
 
In ‘Method 2’ the CFD model is subsequently adjusted to significantly lengthen the room in which 
the experiments were carried out to more closely resemble a section of underground mine roadway. 
This CFD initially applies the CFD simulation of the SIMTARS experimental fire to the mine 
roadway and then subsequently applies an increased fire size to the same roadway. The purpose of 
this is to estimate the effect on escaping mineworkers based on alternative evacuation cues provided 
by the two types of fire detection: VBFD and CO detection, for each of the two fire sizes – small and 
large.  
 
As it was not practical to test the research hypothesis by means of using actual fires in underground 
mines, the CFD method was developed to closely simulate early stage combustion in a mine-like 
laboratory environment. This numerical method was based on robust experiments that established 
the response of VBFD to smoke produced during early stage combustion, so it was considered that 
the CFD models were validated by the experimental fires. The smoke that was generated from the 
experimental fires was estimated to closely resemble fires occurring in the early stages of a fixed 
plant fire in an underground coalmine. 
 
The practical limitation of designing such experiments is the scarcity in Australia of facilities that 
provide a long rectangular section similar to a mine roadway in which fires can be introduced for the 
purposes of research. In order to undertake the subject research into applied VBFD, the available 
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physical resources at SIMTARS in conjunction with numerical CFD modelling, which was based on 
the actual fire experiments, were the only resources available for use within the PhD budget. 
 
The CFD modelling utilised FDS (McGrattan, KB, 2005) and was able to not only simulate the 
experimental design fire, but also could simulate the longer mine space (i.e. a 100 m longer tunnel). 
Additionally, the significantly larger fire was simulated and introduced to estimate and compare the 
effect on mineworker tenability, so as to test the subject hypothesis. The methods test the hypothesis 
in the following ways: - 
4.4.1. Method 1 – SIMTARS laboratory experiments and CFD simulation (CFD#1) 
 
The experimental plan involved the detailed application and analysis of the design fire involving 
pyrolates produced from a thin layer of coal and grease on a simulated overheated conveyor bearing 
housing. The sensitivity analysis, which was introduced, involved varying the levels of ventilation 
and ambient Illuminance to assess the response of the VBFD. Three levels of the two parameters 
were applied over six repetitions of each experiment. In total, 54 individual tests were included in 
the experimental plan (i.e. three air velocity levels x three Illuminance levels x six repetitions). The 
intent was to alter the shape or visibility, or both, of the plumes to test the capability of VBFD under 
a range of applied light conditions and plume shapes.  
 
The data collected was used to compare the time taken for VBFD to recognise the pyrolate plumes 
associated with the simulated conveyor belt bearing fires (i.e. smoke plume recognition by VBFD) 
whilst recording the concurrent CO level at the time of each VBFD activation on recognition of the 
smoke plumes. Further data were collected from (i.e. temperature) a thermocouple placed 5 mm 
above the surface of the coal layer. The temperature at this point was continuously logged at 10 s 
intervals throughout each test for reference purposes. The air stream was directed towards the fire 
and adjusted to achieve three levels of air velocity and subsequent plume shapes. The air velocity 
was measured using an anemometer 
 
In Method 1 the pyrolysis type design fire developed to simulate an overheated bearing housing 
associated with a conveyor belt drive, was viewed by a VBFD system and concurrently with CO 
monitoring located at three points adjacent to the fire source. The two relevant sensitivities affecting 
the ability for VBFD to detect smoke were: -  
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a) Illuminance of the smoke plume; and 
b) Air velocity, that affects the shape of the smoke plume, potentially dispersing it, prior to it 
being recognised by the VBFD system. 
 
Both Illuminance and air velocity were adjusted above and below a ‘Typical’ level to record and 
assess the sensitivity to such changes. CO levels were recorded concurrently with each activation of 
the VBFD system and compared throughout the test iterations. The setup values (i.e. Illuminance 
and air velocity) were similar to typical locations measured within two actual Australian mines 
(Anonymous 2013, pers. comm., 24 January; J. Hart 2013, pers. comm., 23 January). 
 
The laboratory space and boundaries, the ventilation parameters and the pyrolysis fire were 
incorporated into an FDS (McGrattan, KB, 2005) CFD model (i.e. CFD#1). The graphical CFD#1 
simulation was compared with digital photographic images of the experimental fire from its growth 
stage, its steady state stage and through the decay stage to validate the CFD model. The CFD31 
model was subsequently used in Method 2’s hypothetical scenarios involving simulated extended 
mine roadways.  
 
Procedure  
 
Safety Procedures applicable to the SIMTARS laboratory experiments are detailed in Appendix 3. 
Six (6) repetitions of each experiment were required, with a baseline level of Illuminance and air 
velocity against which sensitivity analysis was carried out. The sensitivity analysis involved both 
increasing and decreasing the Illuminance level and the air velocity, therefore in total nine 
experiments (i.e. three X three) were implemented with 6 repetitions of each planned, so 54 fire 
repetitions proposed. The configuration of the experiment was carried out in accordance with Figure 
34. 
 
For each repetition of each set of experimental conditions involving variations of airflow and 
Illuminance levels, the following parameters were required to be measured and recorded: - 
a) Air velocity  
b) Light intensity  
c) Coal surface temperature at commencement of test  
d) CO levels of three CO monitors at commencement of test  
e) VBFD activation time  
f) Coal surface temperature at VBFD activation  
g) CO levels of three CO monitors at VBFD activation  
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For each repetition, the following procedure was applied: - 
 
1. Load de-energised coal heating unit with standardised coal and grease sample 
2. Reset test equipment for next experiment and commence recording data 
3. Record ventilation conditions (air velocity over fire source) 
4. Record Illuminance of fire source 
5. Activate coal heating unit 
6. Carry out Experiment # and Repetition # 
7. Record time of VBFD activation 
8. Record CO levels on each of three CO monitors 
9. Record surface temperature of coal 
10. Stop video recorder 
11. Remove heated coal and extinguish in water filled bin 
12. Open black out sheets at ends of Propagation Test Room to purge room of combustion products 
13. Review data including VBFD activation image 
14. Record comments and other data on check sheets 
15. Check Room CO levels to ensure all vales at zero level before moving to next test 
16. If another experiment/repetition required – repeat from Step #1 
 
Note: Prior to carrying out the planned experiments, some preliminary tests were undertaken to 
ensure the equipment functioned correctly. The experimental setup initially located the CO sensors 
in positions as they would typically be installed in an underground mine. On testing the experimental 
setup, it was found that the assumed CO produced from the simulated overheating conveyor belt 
bearing housings did not display a reading on the CO sensors. The VBFD system however detected 
smoke and alarmed on each of the trial tests. 
 
To enable the experiments to commence and a comparison to be made, the CO sensors were moved 
considerably closer to the weak pyrolysis fire source. The question of CO sensor capability in typical 
operational mine positions was highlighted as a result of this pre-experimental setup. It was 
contemplated at this point that CFD modelling should be used to estimate the increased fire size 
required 100 m of escape route past the fire. 
 
 
Using FDS (McGrattan, KB, 2005), a simulation of the SIMTARS fire was developed. A summary 
of the procedure programmed into FDS was as follows: - 
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a) Describe the rectangular computational domain of the SIMTARS space (i.e. The actual 
SIMTARS laboratory space) 
b) Describe the number of grid cells in the computational domain for each co-ordinate direction 
(X, Y, Z), so that they are evenly spaced 
c) Specify the run control quantities (e.g. Smagorinsky constant, ambient temperature etc. 
d) Specify the total simulated time and the initial step time 
e) Specify boundary conditions input parameters 
f) Specify the SIMTARS room openings and the obstruction on which the fire source is 
mounted as well as the ‘propagation tube’ within the laboratory space 
g) Describe the room vents for mass in and mass out 
h) Describe the surface conditions (i.e. adiabatic and inert) 
i) Describe the fire condition (i.e. The coal on the simulated hot bearing housing surface) 
j) Specify the format and content of the output data 
k) Specify diagnostic output 
l) Specify “thermocouple”  
m) Specify slice files 
 
Compare digital photographic imagery and observations from SIMTSARS experiments to verify that 
the CFD simulations are validated by the experimental data. 
4.4.2. Method 2 – CFD Models in simulated extended mine roadway  
In typical underground mine roadways, CO sensors may in some cases be located a significant 
distance from the fire source. CFD#2 extended the SIMTARS laboratory length by 100 m to allow 
the analysis of smoke and CO migration. Additionally, it simulated CO sensors at strategic locations 
along the roadway downwind of the fire source to estimate CO levels developed from the SIMTARS 
design fire. 
 
The CFD#3 simulation increased the design fire size. This was done so as achieve levels of CO that 
would typically be recognised within a mine that would cause a ‘fire evacuation’ trigger condition. 
The intent was to compare the estimated time taken for detection of smoke using VBFD to initiate an 
evacuation cue against the estimated time taken for CO detection to build to the required level to 
initiate an evacuation cue, using each of the numerical simulations, CFD#2 and CFD#3. In the 
context of evacuation management in mines (i.e. and other situations), ASET is the time available 
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for evacuating mineworkers from a location in the mine to a place of safety prior to conditions 
becoming untenable. In contrast, RSET is the time required by mineworkers to actually reach the 
place of safety prior to conditions becoming untenable. The aim of course is for RSET to be a less 
that ASET (ABCB, 2005). 
 
Method 2 is based on CFD simulation, which extend the mine roadway by 100 m with CFD #2 and 
CFD#3 now having a 135 m travel distance, compared with the original SIMTARS laboratory with 
no usable travel distance. CFD#3 involves a significantly larger design fire than the simulated 
experimental fires from the SIMTARS experiments simulated in CFD#2, so both a simple ASET and 
RSET can estimated based on a non-complex hypothetical evacuation scenario of a 100 m escape 
path. This simple evacuation scenario was based on the proposition that typical mineworkers were 
required to evacuate along the simulated mine roadway from the worst-case location, which is the 
furthest distance downwind (i.e. inbye) from fire source. Tenability for escaping mineworkers was 
considered based on the limiting factors of radiant heat from the growing fire source and increasing 
CO concentration levels in the mine space in this scenario. Visibility separately does not have a 
direct physiological impact, the literature review (Refer Chapter 2) cites several mine disaster 
references (US_Congress, 1988, 2008) cases in example where mineworkers have become 
disoriented in low visibility, leading to multiple fatalities due to toxic effects of CO or other products 
of combustion. A visibility CFD comparison is included in Method 2 for the purposes of comparison 
of escape conditions under each evacuation scenario. 
 
Method 2 facilitates the testing of the hypothesis, that: A significant improvement in fire safety and 
asset loss control can be achieved if fires associated with fixed plant in underground mines can be 
detected considerably earlier using VBFD than they are currently detected using CO detection. 
Method 2 enables the quantitative comparison of the RSET Detection Phase (ABCB, 2005) for both 
a CO detection scheme and a VBFD scheme under equivalent tenability circumstances. 
 
In summary, if the fire tenability conditions that the mineworkers had to move past were tenable 
when an evacuation cue occurred as a result of VBFD system operation, but were not considered 
tenable in the same environment when the CO detection system caused an evacuation cue, in which 
case the life safety aspect of the hypothesis was considered proven. If the fire could be detected at a 
much earlier stage in its growth and extinguished by evacuating mineworkers, then both the fire 
safety and the asset loss control aspects of the hypothesis were considered proven.  
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Procedure  
 
For CFD#2:  
a) Using the CFD#1 model, extend the rectangular computational domain of the SIMTARS 
laboratory by an additional100 m. 
b) Specify “thermocouple” data files for dry CO species measurement within the extended 
model space to simulate CO detectors that typically would be located remote from the fire 
source in an actual mine environment. 
 
For CFD#3: 
a) Using the CFD#2 model, increase the design fire size to a 1 m2 coal fire representative of fire 
growth beyond the simulated overheated bearing housing.  
4.4.3. Evacuation Analysis Method 
In this assessment, more time for miners to safely evacuate the mine is considered possible if the 
earliest detection of fire associated with the exposed belt sections can be achieved. If the fire growth 
is slow, as in the CFD#3 model, this is more beneficial to achieving increased time to evacuate. 
 
The fire detection phase (Refer Figure 33) is the initial period of time between the initiation of the 
fixed plant fire up to the time of the activation of an alarm or warning alerting mine controllers and 
mineworkers occurs. If the response time required to accurately detect and locate a fixed plant fire 
can be significantly reduced, then the associated subsequent evacuation can commence earlier.  The 
procedure associated with this methodology compares the time taken for miners to evacuate the 
nominal 135 m from the furthest distance downwind from the mine fire, at a nominal travel speed of 
1.2 m/s where visibility is greater than 2 m and 0.3 m/s where visibility is less than 2 m, past the 
mine fire to a place of tenable safety. 
 
In some situations, fire intervention activities, such as first response firefighting (i.e. Mines Rescue 
response) can commence earlier, so a comparison of the ability to extinguish or control the fire is 
made based on VBFD detection and CO detection to understand the capability to increase asset loss 
control. The counterpart benefit of earlier fire intervention is that manual or automatic fire 
suppression or extinguishment action can be taken before significant fire growth occurs, with 
potentially subsequent less damage to equipment and assets with less impact on productivity and the 
environment. 
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Once the characteristics of the fire, such as its growth and spread are understood, an analysis of 
potential human responses to the fire is analysed. In terms of analysing safe evacuation needs for 
mineworkers to an exposed conveyor belt section within an underground mine escape way RSET 
analysis was found to be a useful tool. RSET analysis is an emergency evacuation related assessment 
outlined in the current IFEG (ABCB, 2005) developed in Australia. 
 
In an evacuation context, RSET describes the time period commencing with the detection of a fire, 
followed by a pre-movement and then a movement phase and concluding when escaping 
mineworkers reach a place of safety. In other words, this is the amount of time required for 
underground miners to escape to a refuge or to the surface. ASET describes the time period from the 
commencement of the fire to the point at the onset of untenable evacuation conditions, which result 
from the effects and products of combustion, consequently is a measure of the time period possible 
in which miners can safely escape a mine fire. 
 
The approach to ASET versus RSET comparison, specifically in the fire detection phase to assess 
whether miners require more time to escape than the available time, is assessed in this procedure. 
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Figure 34: SIMTARS Laboratory and Experiment Layout  
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 Results 
4.5.1. Results 1 – SIMTARS laboratory experiments and CFD simulation (CFD#1) 
A series of experiments were carried out at the SIMTARS laboratories, which involved recording the 
level of CO in ppm on three CO sensors located strategically in proximity to the simulated 
overheated bearing housing containing coal and grease that was heated to cause a pyrolysis fire. The 
CO readings on each sensor were taken concurrently at the time of VBFD smoke recognition 
activations. Six repetitions of each experiment were carried out with the aim of achieving statistical 
significance. 
 
Sensitivity analysis was undertaken by varying the air velocity and light levels (i.e. the independent 
variables) above and below a ‘Typical’ level. The typical level was based on the average of actual 
mid-range readings taken at two underground coalmines that were representative of Australian 
underground coalmines (Anonymous 2013, pers. comm., 24 January; J. Hart 2013, pers. comm., 23 
January). The values of air velocity and light levels, that were less than and greater than the typical 
level, were also based on measurements from the inspected mines and as such, were used as the 
‘high’ and ‘low’ levels for sensitivity analysis purposes. In can be seen in Table 6 that CO levels, 
measured in ppm, of some of the CO sensors at the time of VBFD activation for some repetitions 
were zero readings. 
 
Even though the independent input variables used for the sensitivity analysis are a) air velocity and 
b) Illuminance, in terms of actual underground coalmines, variations in lighting levels are more 
readily controllable by mine operators than variations in ventilation rates, especially in relation to 
individual conveyor belt transfer points. Lighting levels at conveyor belt transfer points typically 
only affect the vicinity of the transfer point itself. Additional lighting may be installed at conveyor 
belt transfer points without any significant impact on the rest of the mine workings. In contrast, 
ventilation rates at conveyor belt transfer points are a function of the wider ventilation requirements 
of the mine workings. They are not readily adjustable so that the air velocity at the conveyor belt 
transfer point has no impact on other locations within the mine. Variations in the air volume to 
achieve a specific airflow over a mine conveyor belt transfer point is not considered a primary focus 
of wider mine ventilation, but is generally a consequence of ventilation control over a wider area of 
the mine (Anonymous 2013, pers. comm., 24 January; J. Hart 2013, pers. comm., 23 January). 
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Varying light intensity higher and lower to achieve Illuminance levels that were greater or less than 
the typical Illuminance levels measured at actual mines and subsequently simulated at SIMTARS 
was used to test the sensitivity of the VBFD performance. Additionally, adjusting the air velocity 
lower and higher than the typical mean air velocity level tested the sensitivity of the VBFD 
performance. These sensitivity adjustments in Illuminance and air velocity used to test VBFD 
performance resulted in 54 individual experiments, however six experiments failed to produce a 
result. The raw experimental data are provided in full detail in Appendix 5.  
 
Air Velocity ‘Typical’ - Illuminance ‘Typical’ – SIMTARS Experimental Results 
The average Typical values for the input parameters measured at conveyor belt transfer points at the 
two (2) representative underground coalmines surveyed (Anonymous 2013, pers. comm., 24 
January; J. Hart 2013, pers. comm., 23 January) representative of Australian underground coalmines, 
were: - 
 
1. Air Velocity –  0.5 m/s 
2. Illuminance  – 120 Lux 
 
These values were applied in the SIMTARS experiments as the midrange Typical levels with the 
experimental results using these parameters detailed in Table 6. The positions of the CO sensors are 
shown in Figure 34. 
 
Table 6: Experimental Results – Typical Levels of Air Velocity and Illuminance 
 
 
 
 
 
 
 
 
 
The detection time statistics of the VBFD system experiments based on the Typical air velocity of 
0.5m/s and Typical Illuminance of 120 Lux are shown in Table 7. 
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Table 7: VBFD Baseline Experiment Statistics 
 
 
 
 
Of the three (3) CO sensors involved in the experiment located as shown in Figure 34, only sensor 
CO#2, which was located directly adjacent the fire source, recorded a level of CO. Sensors CO#1 
and CO#3 did not record CO during this set of baseline experiments, which used Typical values of 
air velocity and Illuminance.  
 
Air Velocity ‘Low’ - Illuminance varied – SIMTARS Experimental Results 
With air velocity across the simulated overheated bearing housing set to the lowest (Low) of the 
three (3) levels applied (0.11 m/s), Illuminance was varied over three (3) levels for six (6) repetitions 
of each. The Illuminance levels applied were: - 
• 23 Lux ‘Low’,  
• 122 Lux ‘Typ.’ and  
• 323 Lux ‘High’ 
 
The VBFD performance results for variations in Illuminance, where the air velocity over the 
overheated bearing housing fire is set at the ‘Low’ (0.11 m/s) level are shown in Figure 35. The CO 
sensor results for variations in Illuminance, where the air velocity over the overheated bearing 
housing fire is ‘Low’ (0.11 m/s), are shown in Figure 36. 
 
Observations 
 
1. Only six (6) CO readings out of 18 experiments were recorded on sensor CO#2, with both 
sensors CO#1 and CO#2 indicating a zero level of CO on any VBFD alarm activation. 
2. VBFD activation time increased with decreasing levels of Illuminance. 
 
Air Velocity ‘Typical’ - Illuminance varied – Test Results 
With air velocity across the simulated overheated bearing housing set to the Typical level for the 
three levels applied (0.5 m/s), Illuminance was varied over three levels for six repetitions of each. 
Refer to Figure 37 for VBFD response. CO levels corresponding with the VBFD response for the 
‘Typical’ air velocity over the simulated overheated bearing housing are shown in Figure 38. 
 
Statistic
Average
Minimum
Maximum
Time (s) Time (mm:ss)
254 04:14
165 02:45
418 06:58
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Observations 
 
1. Sensor CO#2, which is closest to the fire source, recorded CO levels concurrent with each VBFD 
activation. CO#3, which is downwind of the fire source, recorded low CO levels in three of the 
18 experiments. 
2. VBFD activation time on average for all experiments remained relatively constant with 
decreasing levels of Illuminance. 
 
Air Velocity ‘High’ - Illuminance varied – SIMTARS Experimental Results 
With air velocity across the simulated overheated bearing housing set to the High level for the three 
(3) levels applied (1.5 m/s), Illuminance was varied over three levels for six repetitions of each. 
Refer to Figure 39 for VBFD response. 
 
CO levels corresponding with the VBFD response for the ‘High’ air velocity over the simulated 
overheated bearing housing are shown in Figure 40. 
 
Observations 
 
1. The VBFD system did not activate for the scenario of ‘High’ air velocity and ‘Low’ Illumination 
for any of the six experiment repetitions. 
2. CO levels were recorded for CO#2 for all experimental repetitions, except for those where the 
VBFD did not activate. CO#1 and CO#2 recorded only several instances of CO. 
 
Summary of SIMTARS Experimental Results 
 
As shown in Figure 41, VBFD systems activation time increases (Note: Trend Line shown on graph) 
as the air velocity increases and the Illuminance decreases. This occurs until such time that the 
capability of the VBFD system to recognise the potentially very small smoke plume at experiment 
49 (compared with experiment 1) no longer existed. The corresponding CO levels for the complete 
experimental set are shown in Figure 42. 
 
The last set of six experiments did not eventuate in VBFD activations, as can be seen in the VBFD 
detection images, because the smoke was not visible. This information was provided to the VBFD 
manufacturer who proposed making subsequent software enhancements. 
 
The variability in VBFD response times is attributable to small changes in the laboratory space 
primarily as a result of ambient temperature changes, the ingress of wind from outside the laboratory 
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and in some cases, variances in ambient levels of smoke from previous experiments that could not be 
identified through observation. The overall trend of each set of experiments, as shown in Figure 41 is 
however intuitively as expected.  
 
Observations 
 
1. The effect of increasing air velocity over the fire source causes rapid dispersion of the smoke 
plume also causes the plume to bend over at almost 90 degrees, making it a very difficult image 
for the VBFD system to detect.  
2. The effects of plume disturbance due to increasing air velocity can readily be seen in the high 
level Illuminance tests as shown in Figure 44. The effect is not so readily observable in low light 
conditions, as shown in Figure 45. 
3. In an actual fire situation, the fire would likely eventually increase in size causing more smoke to 
be generated eventually triggering VBFD activation.  
4. Only sensor CO#2 that was placed within a very short distance to the fire source (0.15m) 
detected levels of CO with any regularity.  
5. CO#1, which was located before the fire source and CO#3, located after the fire source, rarely 
displayed CO readings (Refer Figure 42). All three instruments had their calibration rechecked 
during the experiments by SIMTARS. 
6. It was observed that the rate of accumulation of smoke or pyrolate particulates in the plume in 
the subject experiments was not as a result of flaming combustion, but of radiant heat transfer 
through the heated metal surface of the simulated bearing housing Further, it was noted that 
when the coal was heated, a pyrolate plume formed. The entrainment of nearby air diluted and 
cooled the pyrolate plume as it rose above the hot surface. 
 
CFD Simulation of Experiment (CFD #1) 
The CFD #1 simulation was based on the experimental design fire/s, which incorporated the detailed 
application and analysis of the design fire involving pyrolates produced from a thin layer of coal and 
grease on a simulated overheated conveyor bearing housing. 
 
The introduced sensitivity analysis involved varying the levels of ventilation and ambient luminous 
intensity to assess the response of the VBFD. Three levels of the two parameters were applied over 
six (6) repetitions of each experiment. In total, 54 individual tests were included in the experimental 
plan (i.e. Three air velocity levels x three Illuminance levels x six repetitions). The intention was to 
 
 
 
 
126 
alter the shape or visibility, or both, of the plumes to test the capability of VBFD under a range of 
light conditions and plume shapes.  
 
The data were analysed to compare the time taken for VBFD to recognise the pyrolate plumes 
associated with the simulated conveyor belt bearing fires whilst recording the concurrent CO level at 
the time of each VBFD activation on recognition of the smoke plumes. The procedure involved a 
thermocouple placed 5 mm above the surface of the coal layer. The temperature at this point was 
continuously logged at 10 s intervals throughout each test. The air stream was directed towards the 
fire and adjusted to achieve three levels of air velocity and subsequent plume shapes. 
 
In developing the CFD simulation of the design fire for use in the detailed experiments at 
SIMTARS, it was found that a close correlation existed between the shape and dimensions of the 
CFD simulated pyrolate plumes and the actual observed and measured pyrolate plumes as shown in 
Table 8. This was primarily achieved by linking the CFD model to the observed actual experimental 
fire by incorporating the temperature curve measured from the bearing housing surface and from the 
coal layer surface in the numerical model using the recorded thermocouple data. The physical 
dimensions, quantities and properties of the coal and grease were additionally incorporated into the 
CFD model. The simulated bearing housing surface temperature that heated the coal and its 
relationship to the coal surface temperature, are graphically compared in Figure 49. 
 
The height and width of the plumes were estimated from VBFD recordings, video camera recordings 
and still photographs, for each fire repetition at the estimated defining points of a typical design fire, 
which are: a) ‘growth’, b)‘fully developed’ and c) ‘decay’ phases (ABCB, 2005). These visual data 
were coordinated with logged time and the concurrent coal surface temperature. The simulated 
bearing surface was heated to a maximum temperature of 384 C using a propane gas burner 
producing 909W applied directly to the under surface of the metal plate. An initial heating of the 
simulated bearing housing was carried out to record the surface temperature prior to the actual 
experiments, which introduced coal and grease samples. Figure 48 depicts the metal surface being 
heated and shows the location of the thermocouple. 
 
The design fire comprised a growth phase, a fully developed phase and a decay phase. The 
dimensions and other characteristics of the resulting experimental pyrolate plumes were recorded 
and compared with numerical simulations of the plumes using equivalent input parameters. 
 
 
 
 
 
127 
Growth Phase: The CFD simulation indicated that the pyrolate plume width is approximately 200 
mm and extends to the ceiling 3.65 m above the fire surface. This was validated by the experiment, 
as shown in the Table 2 growth phase image – refer Table 8. 
 
Fully Developed Phase: Compared with the Growth Phase images, the plume appears considerably 
denser in the fully developed phase CFD simulation and in the experiment photograph at the same 
stage of growth. In both the simulation and the experiment, the width of the plume is the same 
diameter as the heated metal surface, which is 250 mm. Stratification of the pyrolate plume is 
occurring at approximately 1.2 m above the fire surface in both the simulated and experimental 
images - refer Table 8. 
 
Decay Phase: In the decay phase, the plume is at its weakest and most turbulent. Stratification 
remains below the ceiling even though the plume is diminishing in width to 200 mm in both the CFD 
simulation and in the image of the experiment – refer Table 8. 
 
It was further observed that the rate of accumulation of smoke or pyrolate particulates in the plume 
in the subject experiments was not as a result of flaming combustion, but of radiant heat transfer 
through the heated metal surface of the simulated bearing housing. Additionally, it was noted that 
when the coal was heated, a pyrolate plume formed. The entrainment of nearby air diluted and 
cooled the pyrolate plume as it rose above the hot surface. These pyrolysis plumes were used as the 
target source of ‘smoke’ for the VBFD assessment carried out at SIMTARS. Being able to validate a 
numerical model of the design fire was very important, as CFD models may now be used as a means 
of incorporating the virtual design fire into any CFD modelled mine environment for ongoing VBFD 
or other fire related research. Note in the CFD simulation (Refer Figure 50 to Figure 54) that the 
obstruction to the right of the fire is the propagation tube within the ‘Propagation Room’. This room 
was used for the experiments and has been constructed within the simulation. Figure 55 shows the 
pyrolysis smoke developed from which the CFD model was based.  Of note, Figure 56 shows the 
stratified smoke within the SIMTARS facility, simulating a mine conveyor belt transfer point and as 
such, compares well with the CFD simulation. 
 
Observations 
 
1. The CFD model closely simulated the experimental design fire that it was based on. It can be 
seen in Table 8 that the shape and characteristics of the CFD modelled plume simulates the shape 
and dimensions of the actual fire plume through the stages of growth, full development and 
decay. 
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2. The Heat Release Rate (HRR kW) estimated by the CFD simulation shows that the fully 
developed pyrolysis fire reaches a peak of approximately 11 kW (Refer Figure 55). 
 
 
3. The CFD code is designed to be portable so that it can be incorporated into future CFD models 
by simply adjusting the environmental parameters of the mine space. Refer to Appendix 8 for 
CFD program input text. 
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Figure 35: VBFD activation times at ‘Low’ air velocity level with Illuminance varied   
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Figure 36: CO levels recorded at VBFD activation – ‘Low’ air velocity level 
 
 
 
 
 
  
 
 
 
 
131 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 37: VBFD activation times at ‘Typical’ air velocity level with Illuminance varied 
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Figure 38: CO levels recorded at VBFD activation – ‘Typical’ air velocity level   
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Figure 39: VBFD activation times at ‘High’ air velocity level with Illuminance varied 
 
 
 
 
134 
 
Figure 40: CO levels recorded at VBFD activation – ‘High’ air velocity level 
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Figure 41: Sensitivity Analysis - All Experiments with trend line increasing VBFD response time as air velocity increases and Illuminance decreases  
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Figure 42: CO sensor levels - All Experiments 
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Figure 43: Detection of Smoke Plume by VBFD in SIMTARS laboratory
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Figure 44: Effect on plume of increasing air velocity (High Illuminance) 
 
 
Figure 45: Effect on plume of increasing air velocity (Low Illuminance) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 46: CO sensor locations 
CO monitors 
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Figure 47: Comparison of experimentally produced with CFD simulated pyrolate plumes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 48: Simulated overheated bearing housing temperature recorded and used for basis of CFD model heat 
source
7 
 
 
Table 1: Comparison of pyrolate plumes 
 
Growth Phase Fully Developed Phase Decay Phase 
CFD Simulation Result 
 
 
 
 
 
 
 
 
 
   
Experimental Result 
 
 
  
 
 
Observations  
 
Growth Phase:  
 
CFD image - The plume width in the growth phase is 0.8 of the diameter of the simulated 
bearing housing surface i.e. 0.8 x 250mm diameter = 200mm. The plume width In the growth 
phase the plume is very weak but extends to the ceiling of the facility, which is 3.65 m above 
the fire surface. 
 
Experiment image- The plume width in the growth phase is 0.8 of the diameter of the 
simulated bearing housing surface i.e. 0.8 x 250mm diameter = 200mm. The plume width In 
the growth phase the plume is very weak but extends to the ceiling of the facility, which is 
3.65 m above the fire surface. 
 
Fully Developed Phase: 
 
CFD image - The plume strength is at its maximum in the fully developed phase with 
turbulence forming at a low level and stratification forming below the ceiling at approximately 
3m above the fire source. The plume width is 250mm. 
 
Experiment image -The plume strength is at its maximum in the fully developed phase with 
turbulence forming at a low level and stratification forming below the ceiling at approximately 
3m above the fire source. The plume width is 250mm. 
 
Decay Phase: 
 
CFD image - In the decay phase, the plume is at its weakest and most turbulent. Stratification 
remains below the ceiling even though the plume is diminishing. The plume width is 
approximately 200mm. 
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Figure 49: Coal surface temperature versus bearing surface temperature 
 
6 
 
 
RESULTS 
 
The shape and dimensions of the pyrolate plumes from small smouldering coal fires plumes 
is the subject of this paper.  
 
A close correlation was found to exist between the shape and dimensions of the CFD 
simulated pyrolate plumes and the experimental plumes that were observed and measured.  
 
These plumes were used as the target source of ‘smoke’ for the VBFD assessment carried 
out at SIMTARS. Being able to validate a numerical model of the design fire is very important, 
as CFD models may now be used as a means of incorporating the virtual design fire in any 
CFD modelled mine environment for ongoing VBFD or other research. 
 
In relation to the plume formation, the time synchronised simulated bearing housing surface 
temperature that heated the coal and the relationship to the coal surface temperature are 
graphically shown in Figure 6. 
 
Three (3) phases of the design fire are shown: Growth, Fully Developed and Decay phases. 
 
 
Figure 6: Assessment of numerical, experimental and analytical plume dimensions. 
 
Surface Temperatures (Bearing Surface and Coal Surface) 
 
 
 
  
 Growth Phase  Fully Developed Phase Decay Phase 
 
  
In Table 1, images from the CFD model and photographs of the experiment are compared at 
the three (3) fire development stages. 
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Figure 50: CFD#1 - 0 seconds 
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Figure 51: CFD#1 - 50 seconds 
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Figure 52: CFD#1 -100 seconds 
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Figure 53: CFD#1 - 150 seconds 
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Figure 54: CFD#1 - 165 seconds 
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Figure 55: Experimental Smoke Plume - basis of CFD Simulation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 56: Stratified smoke at ceiling level
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Figure 57: CFD#1 Heat Release Rate 
 
Description: The heat is applied to the fuel source at 0 s. Heating of the fuel occurs until pyrolysis eventuates at approximately 550 s (growth stage) at 
which point rapid pyrolysis occurs reaching a peak of 11.1kW at 700 s (fully developed). As the CFD model is programmed to ‘burn away’ the fuel 
source, the fully developed fire commences to decay at approximately 820 s, subsequently dying out at 900 s. 
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4.5.2. Results 2 – CFD Models in simulated extended mine roadway 
One of the key objectives and subsequent outcomes of developing a CFD model able to simulate the 
experimental design fire was that the model could be introduced, in a virtual sense, into future mine 
environments by changing the environmental parameters that the CFD#1 model was located within, 
but retaining the simulated fire. The physical limitation with the SIMTARS facility was not the 
width or height of the space, but the length of the space. The length of the SIMTSARS space was 
approximately 33m, which whilst adequate to test the response capability of VBFD in normal 
proximity to a simulated conveyor belt transfer point, where it would typically be located, was 
inadequate for positioning CO sensors remote from the fire source in areas where they might 
typically be located in an operational underground mine, as suggested by (J. Hart 2013, pers. comm., 
23 January). Only a minimal quantity of CO sensors are located relatively sparsely in operating 
underground coal mines and these sensors are often quite distant from potential fixed plant fire 
sources. Additionally, a longer mine space (CFD model space) was required to simulate and estimate 
the spread of smoke from the small fire source represented by the SIMTARS design fire and would 
subsequently be required to incorporate an alternative much larger fire. This was important, as it 
allowed insight into the tenability levels that might affect escaping mineworkers under conditions of 
early detection using VBFD associated with the overheated bearing housing fire and so a means of 
determining if VBFD may be an improvement over CO monitoring as a means of improving fire 
safety and asset loss control was achieved. Figure 58 provides four progressive CFD#2 images. 
Showing soot formation, whilst Figure 59 shows visibility. 
 
In order to simulate the CO levels that might occur in a mine space that was 100 m longer than the 
SIMTARS test space, simulated CO sensors were programmed into the CFD model both at locations 
as they were at the SIMTARS facility and additional locations further from the fire source, as they 
might be in an operational mine. The CO sensors were located in the CFD#2 and CFD#3 model as 
described in Table 9. 
 
CFD#2 Model - SIMTARS experimental fire placed into a 100m extended mine roadway 
The CFD#2 simulation was programmed to run for 1000s, which extended beyond the longest 
VBFD activation time and was established in this way so each of the possible concurrent CO levels 
could be recorded. A set of images extracted from the CFD model is provided in Figure 58 to enable 
visualisation of the spread of combustion products along the 135 m simulated mine roadway. The 
Heat Release Rate (HRR) of the design fire and the ‘dry’ CO levels from the simulated CO sensors 
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are based on data output files of the CFD program. These data have been displayed in a graphical 
form as shown in Figure 60 for CO levels and the Heat Release Rate for the extended model space is 
the same as CFD#1, as previously shown in Figure 57. 
 
 
CFD#2 and CFD#3 CO Sensor Locations 
Fire 
Source 
The simulated SIMTARS experimental design fire was located between 30 m and 30.2 m 
from the simulated mine portal (CFD1).  The experimental fire was a coal and grease fuel 
source on a 0.250 mm diameter round stainless steel plate, however round objects cannot be 
modeled using the subject CFD program, so the models displays as an approximately a 0.2 m 
x 0.2 m square fire surface. 
CO#1 0.7 m upwind3 of the fire source 
(outbye the fire source) 
CO#1 to 3 represents the three CO sensor locations 
used in the experiments. Originally, these sensors were 
located a further distance from, the fire source, but in 
the experimental setup had to be moved closer to the 
fire source to obtain a CO reading. 
CO#2 0.1 m adjacent the fire source 
CO#3 0.8 m downwind4 of the fire source 
(inbye the fire source) 
CO#4 10 m upwind of the fire source 
(outbye the fire source) 
CO#4 to 6 are the additional sensor representing the 
CO sensor locations that were planned to be used, but 
unsuccessful as the CO sensors could not detect CO. CO#5 0.8 m above the fire source 
CO#6 9.5 m downwind from the fire 
source (inbye the fire source) 
CO#7 25 m downwind from the fire 
source (inbye the fire source) 
CO#7 to 9 are the additional sensors based on typical 
mine sensor locations informed by expert independent 
advice. They are located in the simulated additional 
mine space 
CO#8 50 m downwind from the fire 
source (inbye the fire source) 
CO#9 100 m downwind from the fire 
source (inbye the fire source) 
 
Table 8: CFD#2 and CFD#3 - CO Sensor Locations 
 
                                                
3 ‘Upwind’ of the fire source refers to the position from which the VBFD views the fire and the direction from which the 
air flows towards the fire source.  
4 ‘Downwind’ of the fire source refers to the space after the fire and the direction from which the smoke flows away 
from the fire source. 
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Figure 58: CFD#2 Simulation of Experimental Fire in Extended Mine Roadway (Soot) 
 
  
240 seconds 
480 seconds 
720 seconds 
1000 seconds 
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Figure 59: CFD#2 Simulation of Experimental Fire in Extended Mine Roadway (Visibility) 
 
240 seconds 
480 seconds 
720 seconds 
1000 seconds 
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Figure 60: CO Levels - CFD#2 - Extended Mine Roadway
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Description: Nine simulated CO sensors are incorporated into the CFD model. CO#1 CO#2 and 
CO#3 simulate the locations of the sensors as physically located in the experiments at SIMTARS. 
The CO levels of these sensors are equivalent to the actual levels recorded. 
 
CO#4, CO#5 and CO#6 sensors are located in positions that the experimental CO sensors were 
originally planned to be located. CO#5, which is located midway in the simulated mine space, that is 
between roof and floor level, records the highest level of CO recorded. This sensor is located in the 
centre of the smoke plume and is disregarded as it is located experimentally in a position that it 
could not physically be located in a ‘real’ mine (i.e. it is located in mid airspace).  
 
Sensors CO#7, CO#8 and CO#9 are located 25 m, 50 m and 100 m downstream of the fire source. 
These locations were considered practical placements based on miner feedback (Anonymous 2013, 
pers. comm., 24 January; J. Hart 2013, pers. comm., 23 January). Levels of CO were not very high 
(i.e. <10 ppm) in terms of typical levels required to activate a fire alarm cue.  
 
Observations – CFD #2 - Experimental Design Fire placed into a 100m extended mine roadway 
1. The Heat Release Rate is estimated to peak at 11kW, which is approximately 10 times the 
heat input rate of the burner module heating the base of coal and grease fuel source. This 
indicates that coal combustion is being taking simulated. 
 
2. CO levels at the fire source for CO#1, CO#2 and CO#3 have very close estimated levels of 
CO as that recorded in the experiments, so a further validation of the model exists. 
 
3. Interestingly, CO#5 is located only 0.8 m above the fire source and provides relatively high 
CO levels. This appears to make sense as the CO sensor is located within the smoke plume so 
would be likely subject to transported CO. In practical terms, it could not be located in this 
position so is disregarded. 
 
4. CO sensors CO#7, CO#8 and CO#9 are located 25 m, 50 m and 100 m inbye the fire source 
respectively, as detailed in Table 9. Only CO levels below 5 ppm are recorded this far down 
the simulated mine roadway. These CO levels are understood to be too low (i.e. < 10 ppm) to 
activate a fire alarm cue (J. Hart 2013, pers. comm., 23 January) 
 
5. Visibility remains at 30 m horizontally or greater, at 2 m vertically above the mine floor 
throughout the full fire period of 1000 s. 
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If it was possible for a CO sensor to be located in the mine roadway 0.8 m directly above the 
simulated fire source (i.e. as per CO#5), the CO level would be likely adequate to initiate a fire 
alarm cue. At this distance above the fire source, an actual CO sensor would be approximately 
located midway between the floor and roof of an operational mine, so it would not physically be 
possible at this point. 
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CFD#3 Model - Large fire placed into a 100 m extended mine roadway 
CFD#1 and CFD#2 were utilised for the development of CFD#3, which was a significantly large fire 
developed for the purpose of comparing the RSET of VBFD with the RSET of CO detection. 
 
The CFD#1 model was developed to simulate the SIMTARS VBFD pyrolysis plume formed from 
the combustion of 40 g of coal fines and 40g of grease, identified during mine site visits as being 
typical of deposits on the surface of an overheated conveyor belt bearing housing in a 35m model 
space. 
 
CFD#2 simulated the same event in a 100 m longer mine (model) space and included CO monitors 
at the fire source and beyond in locations that are typical of Australian operational underground coal 
mines (Refer to Table 9.) It maintained the original small pyrolysis design fire, but with an increased 
model space length totalling 135 m. Some of the included experimental parameters incorporated air 
velocity, temperature, coal and grease characteristics. It incorporated six (6) in total additional CO 
sensors, including: - 
 
a. The three sensors associated with the original planned experimental locations, which were found 
to be unsuccessful in the experimental setup tests and  
b. A further three sensors located at 25 m, 50 m and 100 m downstream from the fire.  
 
Each detector was located at a height of 2 m above floor level, except for the CO#2, which was 0.1 
m adjacent to the fire source, as it was located 1.3 m above floor level being the height of the fire 
source itself above floor level. 
 
The final CFD model was CFD#3, which incorporated a larger design fire of 1.06 MW HRR 
compared with an 11 kW HRR of CFD#2. This fire, which was based on the Appin Coal Conveyor 
Belt fire as described by (Kininmonth & Fisher, 1981), was provided in order to produce a greater 
CO production in order to activate remote CO sensors in the extended roadway under realistic 
conditions. It was also provided to demonstrate potentially reduced tenability conditions typical of a 
large conveyor belt fire that mineworkers under simulated conditions in the 135 m-model space 
would have to deal with during an emergency evacuation. CFD#3 therefore represented fire spread 
beyond the point of origin, which was the overheated bearing housing. The simulated bearing 
housing fire commences as a pyrolysis fire and then spreads to include a much larger section of coal 
and conveyor belt equipment. The simulated pyrolysis fire of an overheated bearing housing is 
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shown in Figure 61, with an image of an actual bearing housing shown in Figure 62. The spread of 
combustion products along the 135 m simulated mine roadway from the larger 1.06 MW fire spread, 
which originated from the small bearing housing fire is demonstrated in Figure 63.  
 
A further image set provided in Figure 64 and Figure 65 shows the level of decreasing visibility 
demonstrating a significantly visibility reduction compared with CFD#2 and potentially, an onerous 
scenario for escaping mineworkers. The Heat Release Rate (HRR) of the design fire is shown in 
Figure 66 and the estimated CO levels from the simulated CO sensors are provided from output files 
of the CFD#3 FDS (McGrattan, KB, 2005) program in graphical form shown in Figure 67 and in 
Figure 68 respectively. 
 
Observations – CFD #3 - Large fire placed into a 100m extended mine roadway 
1. The 1.06 MW HRR of the large coal fire is 96 (1,060 kW/11 kW) times greater than the 
simulated experimental design fire. This fire in its later growth stage represents a potentially 
untenable scenario for escaping mineworkers as they would be required to pass by the fire 
source to a place of safety (outside the mine) and exposed to the considerable heat and CO 
generated under low visibility conditions. 
 
2. CO#2 is located directly next to the fire source with sensor CO#5 0.8 m above it. From an 
installation viewpoint, it is not practicable to install CO sensors in the ‘air space’ above the 
transfer point due to access for maintenance and congestion in that location (J. Hart 2013, 
pers. comm., 23 January). For these reasons, CO#2 and CO#5 are not considered sensors that 
would be available to trigger a fire alarm cue and they would likely not be found in these 
locations. They were simply incorporated in the experiments and CFD modelling to assess 
the level of CO at the fire source. 
 
3. CO sensors CO#7, CO#8 and CO#9 were located 25 m, 50 m and 100 m respectively 
downstream from the fire source and were considered to be located in appropriate positions 
that CO sensors would be when associated with detecting fires under operational 
circumstances in an actual underground mine.  
 
4. Visibility is significantly reduced in CFD#3 along the entire 135m roadway compared with 
CFD#2. As shown in Figure 64, the visibility at ‘head height’ (i.e. approximately 1.8 m 
elevation) and the alternative plan view, as shown in Figure 65, is reduced to very low levels 
at various times.  In some areas of the escape path there is no visibility at head height. This 
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indicates that miners would be required to crouch or crawl out of the mine for a significant 
distance during evacuation at a significantly reduced travel speed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 61: Simulated Overheated Bearing Housing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 62: Typical Conveyor Belt Bearing Housing 
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Figure 63: CFD#3 Simulation of Large Fire in Extended Mine Roadway (Soot)  
 
 
 
 
 
240 seconds 
480 seconds 
720 seconds 
1000 seconds 
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Figure 64: CFD#3 Simulation of Large Fire in Extended Mine Roadway (Visibility - elevation) 
 
240 seconds 
480 seconds  
720 seconds 
1000 seconds 
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Figure 65: CFD#3 Simulation of Large Fire in Extended Mine Roadway (Visibility at 1.8 m - plan view – i.e. view from above) 
 
240 seconds 
480 seconds 
720 seconds 
1000 seconds 
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Figure 66: CFD#3 Heat Release Rate - Large Fire in Extended Mine Roadway (1.06MW HRR) 
 
 
Description: The HRR rises rapidly at 560 s to a peak of 1.06 MW, which begins to decay at approximately 820 s and rapidly decays to approximately 80 
kW when the fuel has depleted. This model based coal fire spreads beyond the origin and generates significant heat after approximately 720 s potentially 
making the area in the vicinity of the fire untenable. 
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Figure 67: CFD#3 - CO Levels - Large Fire in Extended Mine Roadway 
 
 
Description: The CO levels directly in the vicinity of the fire exceed 100 ppm CO after approximately 10 seconds, however at the same time, CO levels 
at sensors in locations that they might normally be installed remain below 10 ppm. The levels of CO at 25 m, 50 m and 100 m are more typical of CO 
sensors located in positions where they would be in an operational mine. Figure 68 shows the CO levels for the sensors located at 25 m, 50 m and 100 m. 
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Figure 68: CO Levels at 25m, 50m and 100m from large fire source 
 
Description: As 10ppm CO is considered the fire alarm threshold, CO sensor #8 is the first device to exceed this level, so is considered the minimum 
time at which a fire alarm (i.e. evacuation cue) is generated based on CO level, which occurs at 360 s after fire initiation.   All sensors subsequently 
exceed 10 ppm at 500 s (J. Hart 2013, pers. comm., 23 January).
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4.5.3. Evacuation Analysis Results 
The evacuation analysis utilised the results of the initial experiments at SIMTARS and incorporated 
the subsequent CFD models developed, as follows: -  
 
1. Laboratory experiments were carried out where smoke from a small pyrolysis fire was detected 
by VBFD. CO levels were recorded concurrent with each VBFD activation with Illuminance and 
air velocity levels associated with the fire assessed both ‘less than’ and ‘greater than’ the 
‘typical’ levels for the purpose of sensitivity analysis. 
 
2. In relation to the CFD models, CFD#1 simulated the experimental pyrolysis fire based on 
‘typical’ air velocity levels associated with the frictional overheating of the surface of a conveyor 
belt bearing housing undergoing overheating failure due to mechanical seizure. 
 
3. In CFD#2, the simulated SIMTARS laboratory space that was initially developed in CFD#1 was 
extended by100 m and then recompiled. CFD#2 also utilised the CFD#1 design fire (i.e. the 11 
kW pyrolysis fire). 
 
4. In CFD#3, a significantly larger and more rapidly growing coal fire (i.e. 1.06 MW HRR) than 
that used in CFD#2 was introduced. It represented fire spread beyond the point of origin onto 
surrounding coal in the vicinity of the conveyor belt transfer point.  This fire is based on the 
estimated early stage development of the Appin coalmine conveyor belt fire, as described in 
significant detail by (Kininmonth & Fisher, 1981). 
 
Evacuation Scenario 
The evacuation scenario was as follows: - 
The model space of the CD#3 simulation was used as the basis of the hypothetical escape path 
representing the primary escape route for mineworkers and designed to have a 135 m travel distance. 
Mineworkers receive notification of a mine evacuation in this scenario and must move 100 m 
towards the fire source then pass a further 35 m beyond the fire source to a place of safety outside 
the mine portal. The full travel distance during the RSET is 135 m. There is no potential for 
mineworkers to move in the opposite direction away from the fire source (i.e. downstream of the fire 
– inbye the fire source). 
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Several modelled factors of combustion associated with the simulated CFD#3 fire were assessed to 
estimate the tenability level that the mineworkers are likely to be exposed to whilst travelling the 
hypothetical escape path. These tenability criteria were: CO, radiant heat and visibility. 
 
In this simple scenario, which was intended to demonstrate the basic evacuation factors associated 
with ASET/RSET (ABCB, 2005), some assumptions were made to allow a reasonable comparison 
between VBFD alarm initiation and CO level alarm initiation to be made and its effect on evacuation 
initiation, as follows: - 
   
1. Only CO levels from sensors that are located in positions that they would typically be located 
in an operational underground mine are used for the purposes of the calculations – CO#7, 
CO#8 and CO#9 only. Sensors located directly adjacent the fire for experimental purposes 
and in position snot normally expected in practice, were discounted. 
 
2. The trigger level for the alarm activation is the first of sensors CO#7, CO#8 and CO#9 that 
exceeds a CO level of 10 ppm. (i.e. The minimum activation period - CO#7 at 25 m from fire 
source or CO#8 50 m from fire source or CO#9 100 m from fire source.) 
 
3. Evacuation Travel Speed (walking) for all mineworkers varies with visibility. The visibility 
assessment is based on an elevation above floor level of 1.8 m. It is assumed to be 1.2 m/s 
walking where visibility exceeds 2 m and 0.3 m/s in visibility less than 2m, in accordance 
with British Standard PD 7974-6:2004 (BSI, 2004). Refer to Table 10. 
 
4. The evacuation activation time applied for VBFD case is the minimum activation time from 
the SIMTARS experimental results and is based on the ‘Typical’ level of air velocity and 
‘Typical’ level of Illuminance (165 s) set of experiments. The reason that the minimum 
SIMTARS VBFD activation time is applied is that it is conservative because in practice, the 
smoke from the CFD#3 1.06 MW fire would be significantly greater than the small 
experimental pyrolysis fires, so most likely detected very early. The minimum SIMTARS 
VBFD activation period of 165 s is considered conservative and so, applied to the CFD#3 
fire. 
 
5. The effects of the fire: heat, CO Fractional Effective Dose (FED) and visibility, are applied 
to establish the tenability criteria, which is based on the information provided in the 
Literature Review (Refer Chapter 2). These factors are considered relevant to underground 
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mine evacuations and have been reported in the following mine disaster reports as the 
primary cause contributing to fatalities: 
 
a. The Appin Conveyor Belt Fire (Kininmonth & Fisher, 1981) 
b. The Wilberg Mine Disaster (US_Congress, 1988) 
 
It can be seen in Figure 63 that the spread of combustion products (soot) for CFD#3 at 480 s 
develops into a large soot yield as a result of the significant 1.06 MW fire size. 
 
As shown earlier in Figure 67 and 68, the CO development of the CFD#3 simulation for the remote 
CO sensors located in the positions where they would typically be located in an operational 
underground mine CO#7 – 25 m, CO#8 – 50 m and CO#9 – 100 m downstream (i.e. inbye) of the 
fire source. 
 
Table 9: Smoke tenability limits (BSI, 2004) 
 
Smoke Density and irritancy 
D.m-1 (extinction coefficient) 
Approximate visibility Reported effects 
None Unaffected Walking speed 1.2 m/s 
0.5 (1.15) non-irritant 2 m Walking speed 0.3 m/s 
0.2 (0.5) irritant Reduced Walking speed 0.3 m/s 
0.33 (0.76) mixed 3 m approximately 30% of people turn back rather 
than enter 
 
   
 
 
VBFD RSET vs. CO detector RSET - Comparative Analysis Results 
The thesis hypothesis is that a significant improvement in fire safety and asset loss control can be 
achieved if fires associated with fixed plant in underground mines can be detected considerably 
earlier using VBFD than they are currently detected using CO detection. To prove this hypothesis, a 
significant improvement in available mineworker evacuation time in respect to fire safety is required 
compared with what is currently available through CO detection.  In relation to asset loss control, a 
significantly earlier initiation of firefighting response is required so that early growing fixed plant 
fires can be extinguished or controlled before they spread causing unacceptable asset loss, which is 
typically categorised as fire spread beyond the point of origin. If VBFD can be shown to achieve 
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considerably earlier evacuation initiation over CO sensor level evacuation initiation, then this 
hypothesis is considered proven. The IFEG (ABCB, 2005) methodology used for assessing 
evacuation performance is the ASET vs. RSET test, which was applied in this analysis to compare 
VBFD with CO sensor initiated evacuation. 
 
ASET 
ASET is the maximum time during which the environment, in this case, the subject mine space 
described by CFD#3, remains tenable. For mineworkers to safely escape a mine fire situation the 
RSET must be less than the ASET, in other words, ASET is the maximum time after ignition (t0) that 
mineworkers have to escape before the conditions of the mine become untenable. ASET depends on 
tenability during fire growth, which is a function of physical exposure to a number of hazards that 
have the potential to harm escaping mineworkers (ABCB, 2005). The first of the following hazards 
to exceed the tenability threshold will establish the ASET: -  
 
1. Exposure to high dosage levels of CO; 
2. Radiant heat; 
3. Poor visibility in the travel path leading to fall injuries and potential immobility. 
 
In relation to asset loss control, firefighting resources must be available to control, or extinguish the 
fire at its source prior to spread beyond the origin of the fire under conditions that remain tenable 
using standard firefighting Personal Protective Equipment (PPE). It is typical of Australian 
underground coalmines that fire-fighting resources are provided at regular intervals along the mine 
roadways and at strategic locations, including fire hydrants and lay flat fire hoses with firefighting 
foam available. By these means, fire fighters are able to extinguish fires when made aware of their 
location and given adequate time to respond to the fire before significant fire spread occurs. 
 
1. Pc - the Cue Period from t0 to tc – The time between fire initiation and when a fire cue (e.g. a 
CO sensor alarm or a VBFD alarm) occurs. 
2. Pr - the Response Period from tc to tr – The time required for the acknowledgement of cues. 
This is a human factor and typically involves recognition that the evacuation alarm is in fact 
genuine etc. 
 
3. Pd - the Delay Period from tr to td – The time between the acknowledgement of cues and then 
acting upon the cues, such as the initiation of movement. This is also a human factor and 
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typically involves an assessment of the environment through which the evacuating 
mineworkers will travel during their escape. 
 
4. Pm – The Movement Period from td to tm – The time between the initiation and completion of 
movement. This is the time required for mineworkers to travel from the position they were in 
at the time of the evacuation cue to what is considered a place of safety. The movement 
period may vary for the same evacuation path if more time is used in the Pc, Pr and Pd prior to 
Pm. 
 
As RSET is a function of Pc + Pr + Pd + Pm, it is dependent on when the alarm cue is received, 
acknowledged and acted upon. The significance of the difference between Pc as a result of the fire 
cue being activated by VBFD compared with its activation by CO sensor levels ultimately 
determined the outcome of the research hypothesis test. This related to the ability of VBFD to be 
able to significantly reduce Pc compared with CO sensor initiated Pc.  
 
RSET also depends on escape travel speed versus fire growth rate and the growth of products of 
combustion. If a fire source is between the location of the mineworkers and the place of safety, the 
mineworkers (i.e. in the case of the example provided by CFD#3) need to move past the fire whilst it 
is still safe to do so. Alternatively, they could reach an underground refuge or an alternative escape 
route, but these alternatives were not available in this scenario. In the subject scenario, the 
mineworkers must escape past the fire to the exit portal whilst it is still safe to do so.  
 
If reducing the detection time can significantly reduce the Cue Period Pc of RSET, then it follows 
that more time is available for Pr, Pd and Pm or more simply, RSET is reduced by the reduced amount 
that Pc is reduced. This RSET time reduction occurs as a result of improved fire detection by means 
of using VBFD compared with CO level activated tc. If RSET can be achieved before the limiting 
ASET time is met, and typically with an adequate safety factor included, then mineworkers can 
escape the mine fire safely. 
 
The results of the laboratory experiments showed that the main potential benefit of VBFD over CO 
detection is within the Cue Period Pc. The second potential benefit of VBFD over CO detection is 
that it provides a visual image of the fire scenario to the control room and can report the exact 
location via the control room to evacuating mineworkers, so VBFD has the potential to reduce the 
Response Period Pr and the Delay Period Pd also. Analysis of the benefits of VBFD on Pr and Pd was 
outside the scope of the subject research, as a significant understanding of the human factors 
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associated with responding to alarm cues under specific circumstances would be required and was 
not addressed. 
 
The development of CFD#3 allowed estimation of the levels of CO present in the mine space at CO 
sensors along the mine roadway located at 25 m, 50 m and 100 m inbye the fire source, as well as an 
estimate of the Fractional Effective Dose (FED) of CO. The time at which alarm activation occurs is 
the Cue Time (tc) and is based on the CO sensor readings exceeding a CO alarm rigger level 
(>10ppm CO). The period of time between fire initiation (t0) and tc is the Cue Period Pc (CO).   
Determination of CO level alarm activation - tc (CO) 
To determine tc (CO), the point at which the level of CO is recognised as an initiator to a fire 
evacuation, references to typically applicable legislative requirements were made, which are based 
on safety risk. Both the New South Wales statute (NSW_Govt, 2015) and the Queensland coal 
mining legislation (Qld_Govt, 2010) are risk based, so do not prescribe the concentration levels of 
CO indicative of an event that would require a fire alarm to be activated. For example, the legislative 
requirement for Queensland (Qld_Govt, 2010) is: “when the products (of combustion) are detected, 
the automatic activation of an alarm located on the surface in a position that is generally under 
observation to warn persons of the products' presence” is required. To understand how this CO alarm 
level setting is managed on a risk basis, information received from a Queensland coalmine Senior 
Ventilation Officer stationed at an anonymous mine, but indicative of many Australian coalmines 
indicated that:  
 
“The monitors that are setup for the purpose of monitoring for fire in the belt roads alarm at 2 
ppm and 5 ppm and the returns from the panels are 5 ppm and 10 ppm.” and; “There is only 
one monitor installed along the length of the belt, at the down wind end, and one in the return 
of each panel.” and “No we do not have them (CO monitor points) at transfers, as there is a 
monitor mounted at the down wind end of the belt.” (Anonymous, 2013) 
 
Further information was sought from an experienced Underground Mine Manager relating generally 
to underground coalmines.  
 
(J. Hart 2013, pers. comm., 23 January) indicated: “The setting for underground CO monitors 
varies but generally is in the range of 4 to 10 ppm. They are set after determining background 
levels, which are normally determined by diesel equipment exhaust concentrations. They are 
also set differently for different mining panels e.g. a mains panel see’s the total exhaust 
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concentrations from vehicles travelling into the mine whereas a longwall panel will only see 
concentrations from the machinery operating in that panel during long wall moves where 
there is a large number of operating equipment, the levels again will be different. Another 
place where levels will need to be set higher is on the return side of a diesel service bay 
where diesel equipment is tested.” (J. Hart 2013, pers. comm., 23 January) 
 
The activation of cue time tc (CO) was based on the first of the three CO sensors located in positions 
where they would typically be found in an underground coal mine (i.e. the minimum activation 
time). The first CO sensor to exceed a CO level of 10 ppm was CO#8 at 360 s, which was estimated 
to record 13 ppm CO. Refer to Table 11. 
Determination of VBFD alarm activation tc(VBFD) 
The activation time for VBFD used in this analysis was based on the experimental test results using 
a much smaller design fire of only 11 kW compared with the subject CFD#3 1.06 MW fire. The 
implications of this is that VBFD activation time is very conservative and is likely to be much less 
that the experimental results when considering significantly more smoke will be developed much 
faster from a large 1.06 MW fire compared with an 11 kW fire over the same growth period. VBFD 
would likely activate within 90 s based on commissioning standards (NFPA, 2015) due to 
considerably more visible smoke potentially available. For this reason, the minimum VBFD 
activation time of 165 s using the experimental ‘Typical’ value set was applied for the VBFD 
activation time in the CFD#3 comparative ASET/RSET analysis. A value of 165 s for VBFD will be 
used in the calculation of Pc (VBFD).  
The Response Period Pr and the Delay Period Pd are based on human factors and as such, are not Pm 
are undefinable using the information available from CFD#3 and at best could only be estimated 
using arbitrary decision making time period assumptions. For the purposes of this assessment, Pr and 
Pd will be assumed to be 0 s each (i.e. being the most conservative option available). The Movement 
Period Pm is based on walking travel speed, which is heavily dependent on visibility. Guidance from 
the UK Standard PD 7974-6:2004 (BSI, 2004) advises typical walking speed of 1.2 m/s for escaping 
mineworkers where visibility is greater than 2 m and 0.3 m/s where visibility is less than 2 m. 
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Table 10: Summary of Evacuation Alarm Initiation 
 
Summary of Alarm Activation by Detection Method 
Alarm Activation Method 
used in CFD#3 analysis 
Activation Criteria CFD#3 - Time of Activation 
First Carbon Monoxide Sensor 
to exceed CO alarm threshold 
CO ppm > 10  360 s 
Minimum VBFD activation 
time from SIMTARS 
experiments 
VBFD system 
configuration 
165 s 
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Figure 69: Evacuation Cue Periods (tc(VBFD) and tc(CO)) 
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Tenability Criteria 
The literature review revealed that several tenability-limiting criteria directly impact escaping 
mineworker tenability, as follows: - 
 
1. Radiant Heat (Refer 2.1.3) 
a. 12.5 kW/m2 – 1 % lethality in 1 min / 1st degree burns in 10 s.  
b. 25 kW/m2 – 100 % lethality in 1 min / Serious injuries in 10 s. 
c. 37.5 kW/m2 – 100 % lethality in 1 min / 1 % lethality in 10 s. 
(Assael, Konstantinos & Kakosimos, 2010) 
Refer to Figure 71 for levels of radiant heat flux estimated at one metre (1 m) distance approaching 
the fire source in the escape path of travel and at one metre (1 m) either side of the fire source that 
escaping mineworkers would be exposed to whilst passing the fire source during escape. 
 
2. Carbon Monoxide (Refer 2.1.4) 
a. It is always present in fires, often at high concentrations. 
b. It causes confusion and loss of consciousness, thereby impairing or preventing escape 
(i.e. Incapacitation). 
c. It is the major ultimate cause of death in fires. (Purser, 2002) 
 
Underground mines in Australia are required by legislation to have Self Rescuers and Compressed 
Air Breathing Apparatus (CABA) equipment available to be used by mineworkers, as a means of 
eliminating or reducing the effects of inhaling products of combustion or mine outburst substances. 
Level 1 emergency exercises and mine disaster examples cited in the literature review (2.1.4) and 
appendices (Appendix 1) provide examples of how the use of this equipment has not been fully 
effective in its use subsequently leading to fatalities. For the purpose of this assessment, the 
effectiveness of Self Rescuers and CABA cannot be guaranteed, so will be discounted.  For CO, 
exposure dose is considered the most important measure of tenability for escaping mineworkers 
during evacuation (i.e. during the RSET period). Fractional Effective Dose (FED) is used to assess 
the effects of CO and is determined in the following way: - 
 
Fractional Effective Dose (FED) = (concentration of gas present x time) / (concentration of 
gas present x time for endpoint) (Purser, 2002). 
 
The CFD#3 numerical model incorporates an estimation of FED(CO) for the subject fire. The FED 
calculation in FDS (McGrattan, KB, 2005) operates as follows: - 
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The Fractional Effective Dose index (FED), as developed by Purser (2002), is a commonly 
used measure of human incapacitation due to combustion gases. The FED value is calculated 
as: - 
 
 FEDtot = (FEDCO + FEDCN +FEDNOx + FLDirr) x HVCO2 +FEDO2  
 
Where: 
FEDtot = The total Fractional Effective Dose 
FEDCO is Fractional Effective Dose of CO 
FEDCN is Fractional Effective Dose of HCN concentration (ppm v/v at 20 Dec C). 
FEDNOx is Fractional Effective Dose of nitrous oxide and nitrogen dioxide 
FLDirr is Fractional Lethal Dose of irritant gases, including HBr, HF, HCl, SO2, NO2 C3H4O 
and CH2O 
HVCO2 is the Hyperventilation Factor related to CO2 inhalation, which increases the breathing 
rate 
FEDO2 is the fraction of an incapacitating dose of low O2 hypoxia 
 
The fraction of an incapacitating dose of CO is calculated as (McGrattan, K et al., 2013) : - 
 
 
 
CO is the only compound included in the analysis, as CO is the only compound modelled in the 
CFD, so FEDtot = FEDCO, which is considered a conservative assessment of tenability criteria due to 
exclusion of a number of asphyxiant fire gases from the assessment. FEDCO is graphically shown in 
Figure 70. 
 
The limiting FED (CO) is recommended as 0.3 in accordance with British Standard PD 7974-6:2004 
(BSI, 2004).  
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3. Visibility (Refer 2.1.6) 
As noted in the literature review (Refer 2.2.2), specifically in relation to mine disasters at Wilberg 
mine (USA) and Aracoma Alma mine (USA), these incidents highlight the importance to survival of 
having good visibility in the primary escape routes. Even during simulated mine evacuations where 
mineworkers were asked to wear visibility obscured eye protection (e.g. spray paint on the lenses, 
such as in the Kenmare Mine Level 1 Exercise 2.2.3 (Qld_Govt, 2015b), evacuating mineworkers 
could not travel along the mine roadway to escape. The reason for this was because they could not 
see where they were going and in some cases were not prepared to step forward where they were not 
walking on a level flat surface. 
“The Kenmare simulated emergency utilised a fixed plant fire based on the 1976 Appin 
Colliery conveyor belt fire scenario. Some significant trip hazards existed along the conveyor 
belt roads, which under poor visibility became a major hazard.” (Qld_Govt, 2015b) 
From an approximate height of 1.8 m above floor level, which is the approximate height of the 
miners’ cap lamp, a diagonal view to the floor greater than approximately 3 m equates to a minimum 
visibility of 2 m horizontally. This is assumed to be the distance required to be able to see the path of 
travel and to be able to walk at approximately 1.2 m/s. Visibility below this threshold is assumed to 
reduce walking speed to 0.3 m/s during the RSET period, as suggested in research data provided in 
Table 10 and a summary of the tenability criteria is provided in Table 12.  
For the purpose of this ASET/RSET assessment, these threshold values are used as the limiting 
criteria in this thesis for mineworkers escaping the subject CFD#3 mine fire. Mineworkers subject to 
the limiting criteria of the hazards are considered to be unable to effectively escape the mine fire 
conditions (i.e. incapacitated or moving at slow walking speed subject to injury or fatality).  
To achieve a safe successful outcome, the RSET for mineworkers must be met prior to the limiting 
criteria being met or exceeded. 
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Table 11: Tenability Criteria Used in the RSET Analysis of CFD#3 evacuation scenario 
 
Tenability Type Physiological Hazard Limiting 
Criteria 
Time of occurrence CFD#3 
Carbon Monoxide Incapacitation FED = 0.3 700 s 
Thermal Radiation 1 % lethality in 1 min / 
1st degree burns in 10s. 
12.5 kW/m2 Note: Radiant Heat Flux 
limited to 11.5 kW/m2. 
Visibility Inability to follow 
evacuation route 
<= 2 m 480 s (within 35 m from exit 
portal) 
 
 
The maximum ASET for CFD#3 is determined as the minimum time period to reach any of the three 
limiting criteria thresholds. In this case, visibility is the limiting criterion that sets ASET at 480 s as 
shown in Figure 72. 
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Figure 70: Fractional Effective Dose (CO) for CFD#3 
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Figure 71: Radiant Heat Flux 1m downstream and 1m to the sides of the CFD#3 fire source 
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Figure 72: ASET determined by tenability limiting criteria 
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RSET Assessment 
The two comparative possibilities for RSET were: - 
a. RSET for a CO alarm activation scenario: RSET(CO) = Pc (CO) + Pr + Pd + Pm; and 
b. RSET for a VBFD alarm activation scenario: RSET(VBFD) = Pc (VBFD) + Pr + Pd + Pm 
 
The escape travel speed (walking) depended on the visibility of the 135 m-travel path during the 
evacuation period. If the visibility exceeded 2 m, then an assumed travel speed of 1.2 m/s applied, 
otherwise for visibility below this distance 0.3 m/s was applied (i.e. assuming path finding remains 
possible). Visibility exceeded 2 m until 480 s, after which time if the escaping mineworkers are able 
to way find the evacuation path, then their speed of travel will decrease to 0.3 m/s. 
 
RSET(CO) 
For CO activation at 360 s, visibility remained >2 m for the full 135 m. 
RSET(CO) is estimated to be: - 
Pc (CO) = tc - t0 s = 360 s 
Pr = 0 s 
Pd = 0 s 
Pm = (135 m /1.2 m/s) = 112.5. 
 
Pc (CO) = tc - t0  
as tc (CO) = 360 s,  
then  
Pc (CO) = 360 – 0 
Pc (CO) = 360 s  
RSET(CO) = Pc (CO) + Pr + Pd + Pm  = 360 + 0 + 0 + 135 = 472.5 s 
 
RSET(VBFD) 
For VBFD activation at 165s, visibility remained > 2 m for the full 135 m. 
RSET(VBFD) is estimated to be: - 
Pc (VBFD) = tc - t0 s = 165 s 
Pr = 0 s 
Pd = 0 s 
Pm = (135 m /1.2 m/s) = 112.5. 
 
Pc (VBFD) = tc - t0  
as tc (VBFD) = 165 s,  
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then  
Pc (VBFDO) = 165 – 0 
Pc (VBFD) = 165 s  
RSET(VBFD) = Pc (VBFD) + Pr + Pd + Pm  = 165 + 0 + 0 + 112.5 = 277.5 s 
 
Result: RSET(VBFD)  is significantly less than RSET(CO), as listed in Table 13 and shown in Figure 73. 
 
 
Table 12: Summary of RSET analysis 
 
RSET Component RSET(CO) RSET(VBFD) 
Cue Period Pc 360 s 165 s 
Response Period Pr 0 s 0 s 
Delay Period Pd 0 s 0 s 
Movement Period Pm @ > 2m Visibility 
(i.e. @ 1.2 m/s walking speed) 
112.5 s 112.5 s 
Movement Period Pm @ < 2m Visibility 
(i.e. @ 0.3 m/s walking speed) 
0 s 0 s 
RSET 472.5 s 277.5 s 
ASET 480s 480s 
Time to ASET (Safety Factor) 7.5s 202.5s 
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Figure 73: Comparison of ASET with RSET(CO) and RSET(VBFD) 
 
Consideration of the inclusion of a Response Period Pr and Delay Period Pd 
The results of the comparative RSET assessment for CO activated and VBFD activated evacuation 
clearly show that VBFD is able to outperform CO sensing even in this relatively onerous simulation 
where rapid fire growth occurs only 620 s after fire initiation.  It is quite likely, based on mine 
incident reports, such as the detailed account by Kininmonth and Fisher (1999) of the Appin 
Conveyor Belt Fire where an incubation period typically exists for hours, if not days before such a 
rapid fire growth. In such a situation, based on the detailed laboratory experiments, it is very likely 
that VBFD would have detected the pyrolysis smoke at an early stage of fire growth. This level of 
incubation period was not included in the CFD#3 simulation, as the model was intended to provide a 
significantly onerous case fire development scenario to enable a direct comparison between CO and 
VBFD alarm activation close to the ASET endpoint. Where such rapid fire growth occurs, human 
factors associated with recognition of evacuation cues and pre-movement delays are critical to RSET 
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and in the case of the assessment of CFD#3, were set to zero and as such not considered because this 
research did not address these factors.  
In order to provide some insight into the possible effects that human factors contribute to the 
Response and Delay Periods of RSET, a scenario is considered where a Response Period Pr, of 60 s, 
and a Delay Period of 60 s Pd is included. These intervals would seem to be only very short periods 
of time for occupants of mines in an emergency to assess and make the required critical evacuation 
decisions. The impacts of these short delays to the RSET assessment are as follows and summarised 
in Table 14 : - 
RSET(CO) incorporating hypothetical Pr and Pd of 120 s 
For CO activation at 360 s, and subsequent delays for Pr and Pd of 120s, Pm commences at 480s. 
Referencing Figure 65 shows that at 480 s approximately 25 % of the escape path has visibility less 
than 2 m and at 720 s approximately 100 % of the escape path visibility is less than 2 m. 50 % of the 
travel path visibility is less than 2 m at 540 s. 
 
RSET(CO) with hypothetical human factor delays included, is estimated to be: - 
Pc (CO) = tc - t0 s =360 s 
Pr = 60 s 
Pd = 60 s 
Pm = (0.5 x 135 m) /1.2 m/s) +  (0.5 x 135 m) / 0.3 m/s) = (56.3 + 225) s = 281.3 s 
 
RSET(CO) = Pc (CO) + Pr + Pd + Pm  = 360 + 60 + 60 + 282.5 = 762.5 s 
 
At an RSET of 763 s, which includes only 120 s (i.e. 2 mins) human factor delays, under the CFD#3 
scenario the escaping mineworkers would have been exposed to: -  
1. A 1.06 MW HRR fire 
2. <  2 m visibility in the escape travel path 
3. CO levels of approximately 967 ppm. 
4. FEDCO of 0.3 
5. Radiant Heat Flux of 11.5 kW/m2 
Serious injuries, if not death are likely to result from this exposure as identified in the Literature 
Review (Chapter 2). 
RSET(VBFD) incorporating hypothetical Pr and Pd of 120 s 
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For VBFD activation at 165 s, and subsequent delays for Pr and Pd of 120 s, Pm commences at 285s. 
Referencing Figure 65 shows that at 285 s the escape path visibility remains greater than 2 m and 
remains this way until 480 s. 
 
RSET(VBFD) with hypothetical human factor delays included, is estimated to be: - 
Pc (VBFD) = tc - t0 s = 165 s 
Pr = 60 s 
Pd = 60 s 
Pm = (135 m /1.2 m/s) =112.5 s 
 
RSET(VBFD) = Pc (VBFD) + Pr + Pd + Pm  = 165 + 60 + 60 + 112.5 = 397.5 s 
 
At a RSET of 397.5 s, which includes the 120 s (2 mins) human factor delays as previously included 
in the RSET(CO) assessment informed by the CFD#3 scenario, the escaping mineworkers would have 
been exposed to: -  
1. A 54 kW HRR fire 
2. Visibility continuously greater than 2 m (i.e. >16 m) in the escape travel path 
3. CO levels less than 60 ppm. 
4. FEDCO of 0.02 
5. Radiant Heat Flux of 0.6 kW/m2 
Of significant note, is the effect that the additional 120 s has on the movement period for the CO 
evacuation initiated case due to the contribution of the slower walking speed (i.e. 0.3 m/s) when 
visibility falls below 2 m. 
The RSET(VBFD) period remains safe with the inclusion of a period of time of 120 s to accommodate 
hypothetical human factors associated with delays and responses, compared with the RSET(CO) 
period, which indicates that the escaping mineworkers exceed ASET by a considerable margin. 
Visibility has been shown as the most significant factor in enabling escaping mineworkers to reach a 
place of safety during an emergency evacuation under fixed plant fire conditions as simulated by the 
numerical model CFD#3. 
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Table 13: Reassessment of RSET with Hypothetical Human Factor delays allowances 
 
RSET Component CO VBFD 
Cue Period Pc 360 s 165 s 
Response Period Pr 60 s 60 s 
Delay Period Pd 60 s 60 s 
Movement Period Pm @ > 2m Visibility 
(i.e. @ 1.2 m/s walking speed) 
56.3 s 112.5 s 
Movement Period Pm @ < 2m Visibility 
(i.e. @ 0.3 m/s walking speed) 
225 s 0 s 
RSET 762.5 s 397.5s 
ASET 480 s 480 s 
Time to ASET (Safety Factor) -282.5 s 82.5 s 
 
 Conclusions 
The results of the laboratory experiments carried out at SIMTARS demonstrated that VBFD 
considerably outperformed traditional CO detection in terms of detecting smoke from pyrolysis fires 
across a range of varying air velocity and Illumination conditions under simulated mine conditions. 
These experiments enabled the development of CFD models initially to emulate the SIMTARS 
laboratory space (CFD#1) and subsequently to simulate a longer mine roadway section extending the 
SIMTARS space and including the small experimental fire (CFD#2). It then used the extended space 
and a much larger fire (CFD#3). The CFD models were subsequently used as the basis of a 
hypothetical mine evacuation scenario to estimate the time taken for mineworkers to evacuate past 
the fire hazard to a place of safety, which compared the evacuation activation performance of 
traditional CO sensor detection initiation with VBFD alarm initiation. 
 
A number of important conclusions were derived from the study in relation to VBFD initiation of 
evacuation compared with CO level sensing activation of evacuation: - 
 
1. A significant fixed plant fire can be developing that CO detectors, as currently employed by 
underground coalmines, would not detect but VBFD would. This is particularly relevant to 
fires that have a long incubation period before growing to significant dangerous levels. 
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2. The analysis showed that VBFD detected smoke reliably at an early stage of growth (i.e. 165 
s minimum and 254 s average). CO detectors located where they would typically be located 
in an operational mine however did not receive adequate levels of CO from a relatively large 
fire to exceed the notional alarm levels (i.e. > 10 ppm) required to initiate an evacuation as a 
result of CO concentration until much later after the VBFD detection time.  
 
3. CO as a detection means is complicated by the other sources of CO in a mine. Opinion from 
expert mining officials indicates that varying ambient CO levels result from mine 
development activities. Under such circumstances, background CO levels could easily mask 
levels of CO commensurate with an early stage fixed plant fire (J. Hart 2013, pers. comm., 
23 January). This might result in delayed fire detection, therefore delayed evacuation and 
significantly greater asset loss. As has been demonstrated in the comparative assessment of 
RSET(VBFD) with RSET(CO). 
 
4. The results of the subject experiments and numerical simulations indicate that CO levels 
from fixed plant fires are slow to migrate throughout a mine at a level required to register a 
CO detector reading commensurate with the need to evacuate an underground mine. The 
results show that if typically located CO detectors cause a fire alarm level to be achieved, 
then the fire is likely to be quite significant. Ominously, CO detection is considered under 
most legislative regimes to be an effective form of early detection of fires in underground 
coalmines, but its actual and simulated performance has been shown to be less effective than 
VBFD in experimental and simulated environments. 
 
5. In practice, if mineworkers are warned of a potentially growing fire, avoidance action can be 
taken to escape the fire in its early stages to a place of safety before the fire grows or 
extinguish it. The activation of an alarm to initiate the evacuation is essential either by means 
of properly located CO gas level monitoring points or, as proposed in the experimental 
research, by VBFD.  In this research, it was shown that the very early detection of fixed plant 
fires using VBFD outperformed CO sensing in both the experimental and numerically 
simulated environment and is likely do so in an operational environment. 
 
6. Based on the results of the CFD#3 model, if a fire reaches the size where CO detectors would 
alarm, there already exists a significant risk to life and assets, as occupants are likely to be 
confronted with resulting untenable conditions that impact on life safety and/or the ability to 
fight fires. This is particularly the case when human factor delay periods are included.  
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7. Based on the results of experiments and modelling, it is evident that fire detection systems 
able to detect early products of combustion, such as VBFD and capable of initiating an 
evacuation, should at least be considered for use in conjunction with CO level detection, as 
considerable detection delay is encountered for small fires where only low levels of CO are 
released in the early pre-growth stage, which can subsequently lead to the formation of large 
dangerous fires. 
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Abstract 
Previous laboratory test results and numerical modelling showed that VBFD offers a means of 
providing earlier fire detection compared with traditional CO detectors in typical Australian 
underground mines. Additionally, from a reliability viewpoint compared with VBFD, CO detectors 
are subject to sensor drift and insensitivity as a result of contamination of the CO sensor device as 
reported by the National Institute of Occupational Safety and Health (NIOSH). The reliability of 
VBFD in an underground mining environment was unknown until field-testing as the final part of 
this research program was carried out. 
 
An advantage of VBFD over traditional alternatives is that the camera lens does not have to be 
exposed directly to the products of combustion of a fire and can view the fire effects from a distance. 
Given the correct operational conditions to detect early smoke (or flame), including appropriate light 
and a suitable viewing arrangement, VBFD provides the required early detection needed to detect 
early smoke production from underground mine fixed plant fires. The question of whether the harsh 
environment that the VBFD cameras are exposed to, such as from coal dust and diesel fuel 
particulates has the potential to obscure the camera vision leading to a loss of VBFD detection 
capability and even unwanted alarm activation, was successfully answered. The results of the Arnot 
Power Station investigation indicated that if proper commissioning is carried out and effective 
maintenance is employed, a reliable means of early smoke (and flame) detection in underground 
mines is possible using VBFD. 
 
This chapter concludes the three part applied research analysis component of the thesis in 
investigating and developing VBFD to improve fire safety and asset loss control in underground 
mines. Overall, it found that VBFD is a more effective and more robust approach of providing 
timely fire detection and warning than traditional CO detectors in typical Australian underground 
mines. 
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5. Field Studies 
 Introduction 
The effectiveness of VBFD to detect early smouldering fire has been previously experimentally 
compared with traditional CO sensing under simulated mine conditions in a laboratory at SIMTARS 
as part of this thesis (Refer Chapter 4). It was found that VBFD responded to very low level 
pyrolysis fires designed to simulate overheated conveyor belt bearing housings, however CO sensing 
in most of the experiments recorded very minimal (mostly nil) levels of CO in sensor locations 
surrounding the fire source. Subsequent numerical modelling estimated similar results as the 
experiments, so the CFD was considered validated by the SIMTARS experiments.  
 
The aim of the VBFD field study was to review and utilise the results of installation commissioning 
data and maintenance testing of a VBFD system at an operational underground mine environment. 
The purpose of this field-testing was to inform the underground mining industry of limitations that 
may exist in terms of the VBFD reliability in service, such as potential maintenance issues. It also 
sought to identify and address any possible inconsistent VBFD operation with respect to false 
positive alarm activation. Unfortunately, one main factor influenced not being able to install a trial 
VBFD system in a working underground coalmine to facilitate this testing. During the period of the 
subject research into VBFD as a means of improving fire safety and asset loss control in 
underground mining, the Australian resources industry moved from being in a position to readily 
facilitate and support minor external unfunded research projects within its underground mine assets, 
to its current position where it is no longer willing or able to assist. As a result of the lack of a trial 
VBFD system in an underground mine, the subject field study opportunistically considered the 
reliability and performance of VBFD in a very similar and related environment, however this facility 
was not an underground mine.  
 
The manufacturer of the VBFD equipment advised that a coal fired power station in South Africa 
had recently been fitted with an extensive VBFD system, including coverage in coal handling and 
storage areas (M. Mottley 2015, pers. comm., 12 February). This location was considered a suitable 
alternative to field-testing a VBFD system in an underground mine, as the coal handling systems are 
very similar to an underground coalmine and the level of airborne pollutants also likely to be 
comparable with the underground mine environment. 
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Arnot Power Station is an asset of Eskom Holdings Limited located approximately 50 km east of 
Middelburg in Mpumalanga, in South Africa. Eskom advise that it was originally constructed in 
1965 through 1966 and commenced operation in 1968. As a result of surplus power available at the 
time, Arnot was mothballed in 1992, but was recommissioned in 1998 due to growing power 
demands. Technical details (Eskom, 2015) are as follows: - 
 
• Six x 350 MW generator units 
• Installed capacity of 2,100 MW 
• 2001 capacity of 1,980 MW 
• Design efficiency at rated turbine Maximum Continuous Rating (MCR) (%): 35.60% 
• Ramp rate of 34.48 % per hour 
• Average availability over last 3 years of 92.07 % 
• Average production over last 3 years of 9,675 GWh  
 
Arnot mine is situated some 43 km from Middelburg in South Africa’s Mpumalanga province and 
feeds Arnot Power Station. This mine extracts coal using both underground and opencast operations, 
employs 1100 employees (with an additional 300 contract employees deployed in the opencast 
operation) with a run of mine of 1.44 Mt of thermal coal. Arnot uses mechanised mining methods 
and continuous mining processes. The mine is contracted to supply Eskom’s Arnot Power Station 
with coal on a “cost-plus” agreement in which there is a return on investment and a management fee. 
The mine has a coal reserve base of 54.2 Mt and a resource of 250.3 Mt. Coal is fed to Arnot Power 
Station by overland conveyor. (Exxaro, 2015) 
 
The ongoing refurbishment works at Arnot included a comprehensive fire detection system 
involving 360 commissioned VBFD cameras reporting to one control room using a Fike 
Spyderguard ™ system. C3SS Ltd. (C3SS) of Johannesburg, RSA, installed and commissioned the 
VBFD system between 2014 and 2015. It was noted during the site inspection that many areas in 
coal-fired power stations involving the use of fixed plant have similar functions and fire risks to 
underground coalmines. Reviewing the power station fire risks and its VBFD system performance in 
a location that contained many of the fire risks and types of fixed plant found in an underground 
mine was considered quite useful in generally assessing the potential reliability of VBFD in mining 
applications.  
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The relevance of using a power station as an alternative to an underground mine for the assessment 
of VBFD reliability and performance is that Arnot Power Station currently has one of the world’s 
largest and newest industrial VBFD installations throughout all areas of this large facility, including 
within its extensive coal handling and bunkering areas. Environmentally this scenario is very similar 
to a typical Australian underground coalmine and was considered an appropriate means of assessing 
VBFD reliability and performance at an ‘equivalent’ test location. The assessment showed that 
‘dirty’ camera housing lenses, occurring as a result of coal dust deposits and similar pollutants 
potentially obscuring the fire detection scene, have little effect on detection capability up to a 
threshold alarm point that warns the operators of an impending reduction in detection performance 
unless the view is reinstated. The method of cleaning the lenses at Arnot was quite non-technical: a 
‘feather duster’ was located at each VBFD detector and is applied on both infrequent occasions by 
operators in anticipation of an automatic threshold alert from the VBFD management system and on 
a scheduled basis. Whilst this may not be directly applicable to underground mines, it highlights the 
reliability and robustness of VBFD. 
 Aims 
The aim of the field-testing was to demonstrate whether VBFD can reliably and effectively be 
utilised in an underground coal-mining environment based on its operational performance in a 
similarly onerous environment, being a coal fired power station. The specific field-testing aim was to 
observe and report on two reliability related VBFD areas of interest, which are also applicable to 
mining. These were: - 
1. VBFD Failure 
2. VBFD False Response 
 
Generally, VBFD failure in service could occur as a result of one of a number of possible failure 
modes. The following is a non-exhaustive list of such potential failure modes: - 
1. Failure to view potential fire risk due to contamination/obscuration of the VBFD lens or the 
external camera housing lens with particulate matter, such as coal or stone dust; 
2. Failure of communications between the VBFD CCTV cameras and the control room; 
3. Failure of the VBFD CCTV camera including power supply. 
 
In the context of VBFD alarm inconsistency, which may be caused by false positive alarm stimuli, 
the following list is non-exhaustive and summarises inappropriate response modes: - 
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1. Incorrect recognition of smoke-like phenomenon as smoke, such as dust or steam; 
2. Incorrect recognition of reflected light or direct light on the VBFD, interpreted as smoke; 
3. Discolouration of sections of conveyor belts in motion creating smoke-like appearance; 
4. Inadequate or inappropriate illumination of the smoke plume; 
5. Motor vehicle lights or cap lights shining on VBFD lenses or viewed sections of airborne 
particles (as per Item 2); 
6. Motor vehicle and portable plant exhaust fumes; 
7. Reflections from reflective stripes on Personal Protective Equipment (PPE); and 
8. Ingress of water into VBFD components. 
 Method 
Analysis of the available test methods (methodology) was as follows: - 
 
1. Experimental - Carry out retesting of the VBFD installation simulating fault conditions so as 
to gauge the response of the system to assess failure mode and false response mode; 
2. Review of existing commissioning and maintenance document records to assess failure mode 
and false response based on actual data.  
 
Access to the operation power station was limited by the fact that considerable safety risks existed 
and the owner was not prepared to take this risk, therefore the use of the existing 12 months’ data 
was considered the only option by Eskom Ltd. 
 
The only available method therefore involved the review of actual VBFD images / recordings, which 
were analysed to assess the performance of the commissioning tests and subsequent VBFD 
activations.  
 
In order to focus the analysis of VBFD reliability and its performance at Arnot Power Station over a 
succinct investigation period, areas of the power station analogous to underground mines were 
identified for subsequent review and were focussed on. In the case of a typical coal-fired power 
station these areas were those used for the handling and storage of coal. The method utilised to 
identify these areas was to carry out a firsthand supervised inspection of the facility involving the 
recording of information about potential locations where VBFD existed that were considered similar 
to underground mine scenarios. Additionally, photographs and diagrams were assessed on site to 
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obtain a more thorough understanding of the power station layout and functioning and how VBFD is 
applied in each situation. 
 
After the identification of locations that were considered analogous to typical Australian 
underground coalmines, commissioning test results and progressive maintenance records for each 
applicable VBFD camera were reviewed. Alarm activity logs were then accessed to identify whether 
or not the alarm activations likely occurred as a result of actual fires or from false positive 
activations. 
 
In summary, the method utilised to collect VBFD reliability and performance data at Arnot Power 
Station included: - 
 
1. Identification of locations analogous to underground coal mines after considering factors 
associated with the environment; and 
2. Review of commissioning and maintenance data of VBFD in the identified locations to 
assess VBFD reliability; and 
3. Reliability review of alarm activation logs to assess ‘Real versus False Positive’ activations 
and the identification of possible causes. 
 Results 
Some VBFD locations analogous to underground mines included: - 
1. Inclined conveyors to coal bunkers; (Refer to Figure 74) 
2.  Coal Staithe conveyors; (Refer to Figure 75) 
3. Coal bunker conveyors; (Refer to Figure 76) 
4. Coal staithe drive pulleys; (Refer to Figure 77) 
5. Coal bunker walkways; (Refer to Figure 78) 
6. Coal Staithe Transfer areas; (Refer to Figure 79) 
 
Numerous locations within Arnot power station closely resemble underground coalmines, however 
the relevance of VBFD assessment in these locations was found to be particularly pertinent. 
 
 
 
 
 
 
195 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 74: Inclined Conveyor from Coal Bunker  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 75: Coal Staithe Conveyors  
 
  
 
 
 
 
196 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 76: Coal Bunker Conveyors 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 77: Coal Staithe Conveyor Belt Drive Pulley  
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Figure 78: Coal Bunker Walkway 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 79: VBFD CCTV in Coal Staithe Transfer Area 
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5.4.1. Commissioning and Maintenance 
The commissioning of the VBFD system at Arnot Power Station was quite extensive, as it involved 
360 cameras and was in accordance with the requirements of Fike Ltd, who is the equipment 
manufacturer (Primalov & Lynch, 2012), the applicable standards of South Africa (SANS, 2012) and 
international standards (NFPA, 2015). Except for the South African national standard, these 
prescriptive requirements also can apply to Australian underground mines from both a regulatory 
and insurer perspective under some circumstances. One significant point of interest is that the 
commissioning tests listed in these standards are less stringent than the laboratory tests previously 
carried out at SIMTARS by the author. The VBFD tests at SIMTARS required much smaller smoke 
plumes to be accurately detected than those stipulated in the standards used at the Arnot Power 
Station commissioning. The VBFD installation and commissioning standards used at Arnot Power 
Station require commercially available ‘90 second Smoke Emitter Candles’ to be used as the source 
of smoke such that the VBFD must be able to detect the simulated smoke generated by the candle. 
The VBFD does not necessarily have to operate within the 90 s smoke emitter discharge period, as 
the residual smoke subsequent to the extinguishment of the candle may be required to spread from 
its emitter source to within the programmed field of view of the VBFD camera. 
 
The installers and commissioners of the VBFD system (N. Grange 2015, pers. comm., 12 April) 
emphasised the requirement to commission VBFD systems in accordance with the manufacturers’ 
specifications and with the appropriate standard to ensure that the installation will operate as 
intended without unexpected activations or failures. 
 
The required commissioning tests were: - 
 
1. VBFD field of view is clear of all obstructions not usually in view; 
2. The camera image quality is adjusted to optimum level; 
3. No physical damage to the VBFD camera or wiring; 
4. Field Of View (FOV) is set up top include roof (i.e. ceiling), target image and floor; 
5. Content Fault (i.e. for smoke detection only); 
6. Network Fault (i.e. if Applicable); 
7. Power Loss; and 
8. Analytics Functioning. 
 
Correctly setting up the VBFD system zoning to account for peculiarities of the environment is 
essential. VBFD images may be divided into various zones for a number of purposes, such as 
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facilitating identification of smoke spread in a space, or activation of suppression systems at specific 
fire zones. Zones of a VBFD screen view can be programmed to ‘do nothing’, that is, be excluded 
from the VBFD surveillance. VBFD exclusion zones are sections of the image that can be isolated 
from the smoke (i.e. or flame) detection process so that if smoke like phenomenon is expected to 
occur in these excluded areas, it does not initiate an alarm until it spreads to an unmasked zone. 
 
Advice was received in relation to the field of view of the VBFD cameras. The installers (N. Grange 
2015, pers. comm., 12 April) further explained that it is imperative that an appropriate amount of 
time be taken to fine-tune the VBFD ‘exclusion zones’.  
 
It was found that VBFD cameras installed in areas with inadequate light levels sometimes resulted in 
smoke detection analytics not functioning correctly. In these situations, light levels were increased 
using additional Light Emitting Diode (LED) lighting panels in the area and typically located behind 
the VBFD camera. It was important as part of the pre-installation testing to ensure light levels met or 
exceeded the minimum Illumination requirements of the VBFD manufacturer. In the case of Arnot 
Power Station and typical underground mines, this would be 10 Lux minimum. 
The installation contractor (N. Grange 2015, pers. comm., 12 April) provided the following 
manufacturer’s information during discussions on site: - 
White light (also) provides more options to the end user because it can be supplied by a 
number of sources, including incandescent, fluorescent, High Intensity Discharge (HID), or 
LED lamps. LEDs are the fastest growing lighting solution for VID applications. They are 
extremely efficient and offer unbeatable reliability. LEDs may cost more upfront but they 
offer the lowest possible running cost (less than 100 W for higher power units) with longer 
operating life (up to 10 years). (Primalov & Lynch, 2012) 
Appropriate VBFD and illumination is fundamental to achieving an effective VBFD installation and 
it is understood from installer (N. Grange 2015, pers. comm., 12 April) that the VBFD system used 
at Arnot Power Station, which was also the type used in the SIMTARS laboratory experimental 
testing, relies on proper illumination that is provided by designing a lighting scheme that generates 
uniform and adequate levels of light. Fike SigniFire™ relies on white light because of many of the 
issues associated with using IR illumination, such as focus issues and inability to measure 
illumination level, as well as white lights fixture options, increased safety and the ability to deliver 
colour images. Lighting should be placed to provide uniform illumination within the cameras field of 
view. 
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Other issues that need to be considered with VBFD placement are areas where light may be 
accidentally introduced into the FOV of the camera that is unexpected or unplanned. In the case of 
the power station installation this included light patterns that produced effects similar to a growing 
smoke cloud, such as sunlight on the wall or space opposite the camera when coal dust and water 
mist from maintenance activities were introduced. An equivalent situation to that experienced by the 
Arnot Power Station installers in an underground coalmine context might be the introduction of 
mineworker cap lights or vehicle lights or reflections from safety clothing from VBFD lighting. 
Sensitivity settings and verified response may be programmed into the VBFD smoke recognition 
analytics to reduce the risk of false positive activation. 
 
Some systems have different modes of operation targeting particular environments. For 
example, different presets can be used for a strictly indoor environment versus an 
environment with large windows where some natural sunlight may be present. In addition, 
most VID systems provide sensitivity presets to find the most appropriate compromise 
between early detection and false alarm rate for the particular installation. (Primalov & 
Lynch, 2012) 
 
The installers of the Arnot Power Station VBFD system advised (N. Grange 2015, pers. comm., 12 
April) that during training with the VBFD manufacturer, C3SS was advised that no matter how 
sophisticated the VBFD system is, it will not provide total resistance from false alarms. VBFD 
systems provide very distinctive methods to address potential false positives by establishing 
detection zones with masking, verified response, scheduled and alarm delays. All VBFD zones are 
user definable regions of the image that offer special treatment for alarms when they originate within 
the zone of the image. Zones can be programmed so that alarms are not issued while the body of 
smoke is entirely contained within the boundaries of the zone. Similarly, masking works similarly to 
reduce false positive activation, but unlike zones, a mask quarantines the contents of the underlying 
image so smoke recognition analysis is not performed within the masked area. Also, detection zones 
can be scheduled to activate only at predefined specific times.  
 
An example of this type of time scheduling from Arnot Power Station is when particular 
maintenance activities, such as high pressure water cleaning or air dusting is carried out at a 
particular time or date, the VBFD zones are deactivated. In this circumstance smoke-triggering 
patterns may be generated in the FOV of a particular VBFD camera. The zone can be programmed 
to view the area but activate only outside the scheduled time period. For real smoke situations it is 
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still safe, since real smoke will outgrow the zone, diffusing over the entire space potentially 
activating the VBFD system alarm. Grange (2015, pers. comm., 12 April)) reported that fine-tuning 
of the VBFD detection zones must be incorporated into the commissioning however it can be 
implemented from a command workstation by competent technical or maintenance staff.  
 
Similarities between VBFD at Arnot Power Station with typical Australian underground mines 
Light levels recorded at Arnot Power Station were similar and within the range of Illuminance levels 
recorded at typical Australian underground coalmines during this research, particularly in conveyor 
belt transfer locations. The Australian mine Illuminance levels ranged between: - 
 
1. 23 Lux – Considered to be Low level,  
2. 122 Lux – Considered to be the Typical; level and used as the baseline in the laboratory 
studies assessments of this thesis. 
3. 323 Lux – This level was considered to be the highest level of Illuminance encountered 
during surveys at a representative sample of Australian underground coalmines. 
 
The Arnot Power Station levels were previously recorded (i.e. at commissioning) with levels not less 
than 20 Lux and rarely exceeding 350 Lux. Smoke commissioning tests utilised commercially 
available and Standards prescribed ‘90 second smoke candles’, so well exceeded the amount of 
smoke produced in the low-level pyrolysis fires created for the SIMTARS laboratory experiments of 
this research. This indicates that the VBFD installation environmental parameters are very similar to 
what they would be in typical Australian underground coalmines, so it follows that the operation and 
reliability of VBFD in underground mines would likely be consistent with what is experienced at 
Arnot Power Station. A number of commissioning images follow that demonstrate the similarities of 
the Arnot Power Station environment with locations typically found in Australian underground 
coalmines. 
 
1. Coal Staithe 1 – Tail Pulley – (Refer Figure 80) 
2. Coal Staithe 1 – Transfer Area – (Refer Figure 81) 
3. Coal Staithe 3 – Tail Pulley – (Refer Figure 82) 
4. Coal Staithe 3 – Transfer Area – (Refer Figure 83) 
5. Coal Staithe 5 – Transfer Area – (Refer Figure 84)  
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Figure 80: Coal Staithe 1 Tail Pulley - before and after VBFD activation 
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Figure 81: Coal Staithe 1 Transfer Area - before and after VBFD activation  
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Figure 82: Coal Staithe 3 Tail Pulley - before and after VBFD activation   
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Figure 83: Coal Staithe 3 -Transfer Area - before and after VBFD activation  
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Figure 84: Coal Staithe 5 Transfer Area - before and after VBFD activation 
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5.4.2. VBFD Reliability 
Periodically, intense floor and equipment cleaning is carried out involving high-pressure water 
cleaners producing considerable dust plumes that resemble smoke plumes. This combined with 
water vapour movement and unstable changes to ambient light levels through the introduction of 
specialised relocatable work lighting caused VBFD alarm activations to occur (Refer Summary – 
Table 15). Considering the large amount of VBFD cameras installed, the level of false positive 
activation is quite low.  
 
Category of VBFD Issue Frequency Per 
Year  
Typical Cause Typical Resolution 
VBFD False Response Five per 360 
VBFD units 
Plant cleaning 
activities. (Typically: 
high-pressure water 
cleaning). 
Isolate VBFD until 
maintenance activities 
completed. Operators 
instructed to advise prior 
to carrying out next 
high-pressure water 
cleaning activity. 
VBFD Failure Two per 360 
VBFD units 
Obstacle placed in 
Field of View (FOV). 
(Typically: portable 
crane or gantry in 
FOV). 
Isolate VBFD until 
obstacle removed. 
 
Table 14: Summary of VBFD issues 
 
The contractor (N. Grange 2015, pers. comm., 12 April) explained that VBFD has limitations in 
terms of discriminating the ‘signature’ of smoke from phenomenon that appears smoke-like. These 
limitations need to be taken into account by operators and those carrying out activities that are 
comparable in nature to creating smoke. The main advantage of VBFD over other forms of smoke 
(i.e. or flame) detection is that VBFD provides the opportunity for manual intervention by the 
control room operators through the ability to actually view the potential fire onscreen. Of course, in 
the absence of manual intervention (e.g. an unstaffed control room) the VBFD system may be 
configured to continue with the fire recognition process automatically so as to generate a fire 
evacuation cue or initiate automatic fire suppression in accordance with the design intent. 
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Grange (2015, pers. comm., 12 April)) advised that the developing capability of VBFD to accurately 
detect and discriminate fire phenomenon from other smoke-like phenomenon is managed under the 
VBFD developer’s continuous improvement processes. Additionally, maintenance activities need to 
be carried out to ensure the VBFD system can continue to operate effectively without being 
impacted by a reduced field of view through dust build-up on the camera lens, housing lens or from 
reduced illumination. 
 
If not managed, dust contamination of the VBFD camera lenses will cause failure to detect a source 
of smoke, however this is countered by the VBFD analytics generating user programmable warning 
alarms to the control room operators advising that lens obscuration is nearing a threshold and 
maintenance intervention (i.e. cleaning) of the VBFD camera lens or the camera-housing lens is 
required. All VBFD camera lenses are ‘dry’ cleaned at Arnot Power Station using a domestic feather 
duster applied every two weeks. An image showing the level of surface dust accumulation on VBFD 
cameras from a typically ‘dirty’ location is provided in Figure 85, whilst the typical view from a 
camera with an obscured lens achieving 55.79 % visibility, is shown in Figure 86. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 85: Typical Dust Accumulation on VBFD CCTV Camera 
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The VBFD installation firm (C3SS) advised (N. Grange 2015, pers. comm., 12 April) during the site 
investigations that there had been no VBFD failures specific to the 360 installed CCTV cameras, 
however some minor outages had been encountered due to work by others causing loss of 
communications through cabling disturbance, such as disconnections of fibre optical cables without 
proper notice. These instances were system failures rather than failures specifically associated with 
the VBFD installation. 
 
 
 
Figure 86: Obscured view from VBFD camera with 55.79% (Dirty Lens) visibility 
 
The manufacturer of the VBFD equipment (Primalov & Lynch, 2012) suggests that VBFD is 
currently experiencing a phase of application capability extension in a non-traditional way that other 
forms of fire detection are not able to achieve, as follows: - 
 
“Actionable intelligence – “false alarm vs. false dispatch” - One of the great advantages of 
VBFD technology is that remote video verification is an integral part of it. With the 
proliferation of inexpensive computer networking, it is only a matter of time before every 
installation becomes networked. The experience with VBFD systems shows that they 
predominately are deployed in context with 24/7 security guard monitoring. One can expect 
in the future that VBFD systems will be monitored by commercial 3rd parties remotely over 
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the Internet. It is also expected that remote video verification will be widely adopted for 
verified response by the firefighting community. In this context, false alarms may not result 
in the false dispatch of the responder, but rather a 10-20 second attention of the remote 
guard, at which point it becomes a more economic issue.” 
(Primalov & Lynch, 2009) 
 
The above statement relates more to a commercial scenario, however in the underground mining 
context, security guards are potentially control room operators and roving mines rescue members 
with online access to VBFD images. Third party monitoring is also quite possible as is currently the 
case with security and surveillance monitoring at some mines. 
 Conclusion 
The performance and reliability of VBFD comprising 360 VBFD devices installed for over twelve 
(12) months at a coal-fired power station in South Africa was reviewed, because this installation has 
many similarities in its operations to typical underground coalmines, so parallels could be drawn 
from this in the absence of an available underground mine installed VBFD system. These similarities 
between Arnot Power Station and typical Australian underground coalmines are clearly evident 
when noting the similarities in both the fixed plant used and the conditions under which it operates, 
such as coal conveyor belt systems, transfer points and coal bunkering facilities.  
 
At Arnot Power Station these areas have VBFD implemented throughout, as might similarly be the 
case in an underground coalmine. Arnot is the largest VBFD installation worldwide with 
approximately 360 VBFD cameras installed as reported by Fike, the VBFD manufacturer (M. 
Mottley 2015, pers. comm., 12 February), so it was a source of considerable VBFD reliability data 
representing knowledge that could be transferred to VBFD applied in underground mining in 
Australia to increase fire safety and improve asset loss control. 
 
This investigation has shown that VBFD systems can effectively be incorporated in locations that are 
affected by airborne pollutants including coal dust, water mist and mist hydrocarbons. It was 
identified that it is essential that the VBFD systems be properly installed and commissioned in 
accordance with regulatory requirements and in particular, manufacturer’s specifications. 
Commissioning adjustment will involve the careful observation and subsequent blanking out of 
potential sources of false activation of the VBFD and sensitivity adjustments. 
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The VBFD systems require a level of maintenance specific to their environment. In the power station 
they required dry cleaning of the lenses on a regular basis and in underground mines will likely 
require a similar level of attention. Future research in relation to VBFD reliability might specifically 
identify ways of ensuring camera and housing lenses require very little cleaning and maintenance 
and this will likely be as a result of self-cleaning lenses that incorporate external air supplies that 
prevent dust deposits on the lens surface. 
 
The results of the Arnot Power Station investigation indicated that if proper commissioning is 
carried out and effective maintenance is employed, a reliable means of early smoke (i.e. and flame) 
detection in underground mines is possible using VBFD. 
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6. Discussion and Overall Conclusion 
 Introduction 
The aim of this thesis has been to assess and develop the application of VBFD for reliable early 
detection and accurate locating of fires associated with fixed plant in underground mines for the 
purpose of improving fire safety and asset loss control. Fixed plant fires in underground mines are 
caused by such incidents as conveyor belt component overheating (e.g. pulleys and bearings 
overheating), electrical equipment fires (e.g.arc flash, fault current), and refuelling facility fires. The 
literature review identified that fire starts from fixed plant equipment in Australian underground 
mines, both metalliferous and coal, remains one (1) of the top contributors to fire safety risk and 
asset loss (Qld_Govt, 2015a) in the mining sector.  
 
The contemporary method of detecting such fires is by means of CO gas level sensors, an approach 
which has been previously found by NIOSH (Litton, 2009) to be less than effective for this 
application due to sensor drift and insensitivity. Fixed plant fires have been shown experimentally in 
this research through tests carried out at SIMTARS and subsequent numerical CFD modelling based 
on the SIMTARS experiments, that these types of fixed plant fires do not appear to produce much 
CO and that the CO produced can take considerable time to migrate to CO sensor points typically 
located some distance from the fire source. From a mine Control Room operator viewpoint, it is 
virtually impossible (Qld_Govt, 2015b) to determine the source or extent of the fire or its growth 
rate and for this reason the use of CO detection for early growth fixed plant fires is considered 
fundamentally flawed. VBFD has been utilised in this research to provide a much earlier and reliable 
form of detection of the subject early growth fixed plant fires. 
 
The reviewed literature clearly establishes that there is no current effective solution available for 
fixed plant fire detection in underground mines (Refer Chapter 2), so considerable benefits can be 
achieved if VBFD is introduced underground for this purpose. Evacuation and response 
improvements for mineworkers where VBFD is used as a means of early fire detection, compared 
with CO detection, have been quantitatively substantiated through the novel application of the IFEG 
(ABCB, 2005) assessment methodology. The IFEG is a systematic evaluation approach originally 
developed for use outside mining and its recent application as part of this research has shown that a 
significant advantage for mineworkers exists using VBFD as the means of early fire notification 
enabling them escape from or respond to unsafe mine fixed plant fire conditions. 
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The literature review identified three (3) key research questions, which were subsequently addressed 
in the research, as follows: - 
 
a. Can VBFD be used in underground mining to detect fixed plant fires significantly faster and 
more effectively than contemporary CO gas detection?  
 
b. Can earlier fire detection using VBFD in underground mining be used to reduce the time 
period associated with the ‘fire detection phase’ of RSET (i.e. the time between the outbreak 
of fire and the time that a cue is provided to initiate a response) and therefore provide more 
overall time to escape and respond? 
 
c. Can fire engineering analysis methods as outlined in the IFEG (ABCB, 2005), which are 
currently used for building and transport tunnel design, be applied to underground mine 
design to quantitatively analyse and compare the level of mineworker fire safety, as well as 
the ability to improve asset loss control where VBFD is used as an alternative to CO sensor 
level detection? 
 
These research questions subsequently led to the following hypothesis, which was later proven 
through detailed experimentation, numerical modelling and on-site investigations: - 
 
A significant improvement in fire safety and asset loss control can be achieved if fires associated 
with fixed plant in underground mines can be detected considerably earlier using VBFD than they 
are currently detected using CO detection. 
 
This section will complete the thesis by discussing the main findings of the research; the 
implications of the findings, limitations of the research as well as discussion on recommendations 
for future work and finally, it will conclude the research thesis. 
 Main findings of the research 
An improved method of detecting underground mine fixed plant fires: Fire detection in underground 
mines for many years has relied on CO gas sensor indications reaching or exceeding a notional 
predefined level of CO gas in air considered unacceptable by the mine management. This CO 
threshold is somewhat variable (J. Hart 2013, pers. comm., 23 January) as it is typically subject to a 
base level of CO resulting from operational activities that might be undertaken in the mine that 
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inherently generate non-fire related CO, such as exhaust fumes from mining transport equipment as 
used underground. CO detection systems are currently relied upon as the primary means of fixed 
plant fire detection in underground coalmines in Australiana and in many other countries. Through 
experimentation, numerical modelling and analytical assessment that quantified how CO detection 
systems in underground coalmines do not perform as effectively and reliably as VBFD, a 
considerable contribution to knowledge associated with fire safety and asset loss control 
management in underground mining has been delivered. The reason for this is at present CO sensor 
detection in mines is considered unreliable and there is no other effective early fire detection system 
available for reliably and accurately detecting and locating fires associated with fixed plant in 
underground coalmines.  
 
The subject research showed that VBFD, which is not currently used in underground mines, is able 
to detect fires significantly faster and in terms of locating the fire source, does this more accurately 
than currently possible through CO detection configured in the typical manner. This research when 
applied in underground mining has the capability of saving lives through earlier notification leading 
to earlier evacuation and reducing asset loss through earlier intervention to achieve extinguishment 
of fixed plant fires.  
 
An improved ability to evacuate underground mines resulting from increased Available Safe 
Evacuation Time (ASET): Experiments were carried out as part of this research as the means of 
collecting information on the response of VBFD and CO sensors to small (11 kW HRR) pyrolysis 
fires. These small fires were intended to simulate fixed plant conveyor belt bearings overheating as a 
result of mechanical seizure, which is a common scenario underground conveyor belt systems. It was 
found that VBFD recognised low level smoke from small experimental fires significantly earlier and 
from a substantial distance away from the fire source (i.e. approximately 30 m) than CO sensors 
recorded CO levels associated with the same fires. Although CO sensors were located adjacent to the 
fire, in most tests they did not record a CO level at all, whilst VBFD under a range of air velocity 
and Illumination conditions activated at a time of 165 s after the fire was initiated. It was postulated 
that a much larger fire, producing considerably greater levels of CO would likely be required to 
cause the CO sensors to exceed a level of CO that is notionally accepted as a mine evacuation 
threshold level (i.e. 10 ppm CO).  
 
Less time is available for mineworkers to safely evacuate fires that have substantially grown and 
spread before the workers have become aware of the danger, compared with early warning of small 
incipient fires. In the former situation, mineworkers could be unnecessarily exposed to onerous 
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untenable conditions without adequate available safe evacuation time. In the latter situation, 
mineworker response may be adequate to only evacuate the mine but extinguish the fire. This is 
particularly poignant when considering VBFD is capable of detecting incipient fires at a very early 
stage of growth. As an example of the extent of what this contribution to new knowledge makes, the 
literature review uncovered several mine disasters where small mine fires had commenced some 
hours and even days before significant catastrophic fires developed (Kininmonth & Fisher, 1981; 
US_Congress, 1988, 2008). VBFD, if fitted and set up correctly to detect smoke, would likely have 
detected the early pyrolysis fires well before they grew and spread to become large potentially 
deadly fire situations saving lives. 
 
Numerical modelling using CFD provides a safe means of developing fire scenarios in mines and 
has allowed in this research to estimate the limiting effects of the fires on evacuating mineworkers. 
Three CFD models were developed based initially on laboratory experiments incorporated in this 
research, with the final model used to predict the comparative evacuation performance of a mock 
evacuation firstly initiated by CO level sensing and then compared with VBFD initiated evacuation. 
As mineworkers were able to safely evacuate the hypothetical mine fire under VBFD evacuation 
initiation, but not under CO evacuation initiation, VBFD was considered to be able to provide 
significantly improved fire safety. Also, this additional time prior to the fire growing substantially 
could be used to fight and potentially control if not extinguish the fire, thereby reducing asset loss in 
addition to improving mineworker safety. 
 
The novel application of a proven fire engineering design methodology to underground mining:  The 
‘International Fire Engineering Guidelines’ (ABCB, 2005) has been shown to be an effective fire 
engineering approach for assessing the fire detection phase of RSET in mining fire engineering.  
This IFEG (ABCB, 2005) approach has been used as a means of more accurately predicting the time 
required for mineworkers to safely evacuate mines under emergency conditions involving fixed plant 
fires, therefore improving fire safety. The significant contribution to knowledge is that the future 
design of fire safety systems for underground mining using a quantifiable scientifically based fire 
safety engineering methodology can be used to facilitate a proactive design approach to mine 
evacuation rather than the current reactive esoteric approach. 
 Implications of the findings 
The question of why mining companies with underground mine facilities would be motivated to 
implement a VBFD system is quite interesting, as CO sensor detection in mines is regulated in 
 
 
 
 
217 
Australia, as outlined in the literature review. The implementation of VBFD initially would be as a 
supplementary system to the prescribed installed CO detection systems. The motivation for installing 
a VBFD system therefore extends beyond simple compliance and the motivation for a miner to do so 
is likely initially, to solve a problem that CO detection currently cannot. The most likely scenario 
under which a miner would consider installing VBFD would probably be as a result of their mine 
experiencing repeated frictional fires from bearings and pulleys associated with conveyor belt 
systems or similar fixed plant. It is possible that the miner has experienced a delayed or nil response 
to these early fires from currently fitted CO systems and is seeking to obtain an earlier more reliable 
form of detection with a low technology overhead cost. 
  
VBFD has been shown in this research to be a suitable tool for detecting the early smoke from such 
fires and would provide immediate information on the specific fire locations and provide direct 
surveillance capability for the mine controllers, perhaps providing information on direction of 
smoke, extent of the fire, whether it is growing or stationery and perhaps even information on the 
success of responding mineworkers fire intervention actions. 
 
“Due to the environment of underground mining and the limitations of transport 
options in these environments, mines rely heavily on the operation of their conveyor 
belt network for the day to day operation of their facility. For this reason, the impact 
which a conveyor belt fire can have on the business continuity and profitability of a 
mine is huge. On many occasions a fire can not only be harmful to the personnel 
working close to the conveyor but the possibility of smoke inhalation to workers in 
other areas is a serious one. If we take an example of a mine losing their main 
product feeder conveyor belt to fire, the loss of income due to evacuation of the mine 
which stops productions is damaging enough. However, the long term effect on 
business continuity due to the time taken for the belt to be repaired, the cost thereof 
and the peripheral damage caused by the fire, can be disastrous.” (Mthethwa, 2016) 
 
The lowest entry cost for a VBFD system is for a miner who already has an underground CCTV 
system in place, as VBFD can be implemented with the smoke detection analytics operating remote 
from the CCTV cameras, such as in the control room. The cost is then primarily the additional 
hardware at the control room and the VBFD analytics software. The benefit is a low cost with high 
return, value safety upgrade. For miners without a CCTV system in place, the value proposition is 
that of achieving both CCTV surveillance and an early smoke detection system combined for 
marginally more than the cost of a CCTV system alone. At the time of writing, the cost of a four 
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camera VBFD system with required hardware and software located in the control room and the 
cameras provide with dust proof housing was in the order of $25,000 AUD. 
 
A possible point of contention that has been considered in this research is that fires do not occur very 
often, so the benefits a miner would obtain from implementing VBFD could be questionable. The 
VBFD system is primarily a CCTV system with software analytics for detecting smoke at an early 
stage of fire growth. It remains however that the system in its minimum form is a CCTV surveillance 
tool and can be continually used as such. It can be used to monitor belt blockages and view alarms 
associated with belt stoppage, however as a fire detection system it can also be used to automatically 
(i.e. pending manual override) activate fire suppression systems, such as foam deluge or water 
deluge. Implemented VBFD systems can be quite versatile in their functionality. 
 
There are a number of positive or beneficial implications as explained and there are potentially 
negative implications. Firstly, additional equipment underground must be maintained, so a 
resourcing overhead exists and secondly, VBFD is not totally immune to false activation, as is the 
case with most fire detection systems including CO detection, however VBVFD offers the unique 
feature of being able to directly intervene manually through initially viewing the detection scene and 
by ultimately preventing the automatic features that may be initiated by VBFD. 
 
The most important implication of implementing VBFD in an underground mine is that mineworkers 
will be warned considerably earlier of potential untenable conditions and can therefore respond 
earlier to mitigate the fire risk by extinguishing or controlling it. Additionally, mineworkers will 
have more available time to escape prior to the onset of untenable conditions caused by fixed plant 
fires compared with CO detection. 
 Limitations of the research 
The only limitation of the research is that there was no reliability and test data available from an 
actual implementation of VBFD in an underground mine. As an alternative to this part of the 
research, data pertaining to the installation and ongoing reliability performance of a new large 
VBFD system in a power station in South Africa was used rather than a mine.  
 
The performance and reliability of VBFD at the coal-fired power station in South Africa was 
reviewed, because this installation has many similarities in its operations to typical underground 
coalmines, so parallels could be drawn from this in the absence of an available underground mine 
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VBFD system. These similarities are clearly evident in coal conveyor belt systems, transfer points 
and coal bunkering facilities.  
 
At Arnot Power Station these areas have VBFD implemented throughout, as might similarly be the 
case in an underground coalmine. Arnot is the largest VBFD installation worldwide with 
approximately 360 VBFD cameras installed, as reported by Fike, the VBFD manufacturer (M. 
Mottley 2015, pers. comm., 12 February). Arnot power station was a source of considerable VBFD 
reliability data representing knowledge that could be transferred to VBFD used in underground 
mining in Australia. 
 
This investigation, based on the Arnot Power Station coal handling areas has shown that VBFD 
systems can effectively be incorporated in locations that are affected by airborne pollutants including 
coal dust, water mist and mist hydrocarbons. It was identified that it is essential that the VBFD 
systems be properly installed and commissioned in accordance with regulatory requirements and in 
particular, manufacturer’s specifications. Commissioning adjustment will involve the careful 
observation and subsequent blanking out of potential sources of false activation of the VBFD. 
 
The VBFD systems require a level of maintenance specific to their environment. In the power station 
they required dry cleaning of the lenses on a regular basis and in underground mines will likely 
require a similar level of attention.  
 
The results of the Arnot Power Station investigation indicated that if proper commissioning is 
carried out and effective maintenance is employed, a reliable means of early smoke (i.e. and flame) 
detection in underground mines is possible using VBFD. 
 
It is further felt that the information obtained from Arnot Power Station relating to VBFD systems 
installed in ‘mine like’ environments on site was actually more valuable to this thesis than would 
come from perhaps only one underground mine installation in Australia where conceivably only two 
to four VBFD cameras would have been installed during the research period and for only a number 
of months. 
 Recommendations for future work 
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Future research in relation to VBFD reliability might specifically identify ways of ensuring camera 
and housing lenses require only very little cleaning and maintenance and this will most likely be as a 
result of self-cleaning lenses that incorporate external air supplies to prevent dust deposits on the 
lens surface. Additionally, further investigation is required into an acceptable agreed type of 
hazardous area Ex’ rated enclosure and camera type for ‘Explosion Risk Zones’ in underground coal 
mines is required.  
 Conclusion 
VBFD, an emerging form of CCTV based smoke detection, has been applied to the underground 
coalmine environment and compared with other forms of fire detection to assess early smoke 
detection performance associated with fixed plant fires.  
 
As no formal methodology exists in the mining field to assess such potential improvements to fire 
safety and asset loss control, a commercial buildings and transport tunnel fire engineering guideline 
was applied as a quantitative assessment tool for the subject mining research. This document was the 
‘International Fire Engineering Guidelines’ (ABCB, 2005). 
 
Experimentation and numerical analysis was carried out to identify any weaknesses in the 
application of a VBFD system under both simulated mine conditions in a laboratory and in an 
operational underground coal mine. This research is considered significant, as the limitations of CO 
detection as a means of early fire detection were highlighted by the results of laboratory studies and 
reported in the thesis. VBFD was shown to offer a significant potential improvement to the fire risk 
of mineworkers and mining assets (Refer Chapter 4) due to early reliable smoke detection. 
 
One of the less obvious advantages of detecting fires much earlier is reducing the impact that fire has 
on the environment. Uncontrolled mine fires are one of the largest contributors to greenhouse gas 
production in the world (Shipp, 2010), so any small step change that can be taken to prevent the 
development of such fires can have a significant impact. 
 
This literature review has shown that the application of the relatively new professional field of fire 
engineering (ABCB, 1996) has had little acceptance so far as a means of improving fire safety and 
asset loss control in the underground mining sector using performance based methodology. New and 
emerging forms of fire detection and control do not appear to have been applied to mining, but based 
on a fire engineering approach, this technology has been successfully applied to fire safety and asset 
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loss challenges in the commercial, defence, institutional, underground transport, aviation, maritime, 
residential and arrange of other fields (ABCB, 2005). 
 
The results of the laboratory experiments carried out at SIMTARS demonstrated that VBFD 
considerably outperformed traditional CO detection across a range of varying air velocity and 
Illumination conditions under simulated mine conditions. These experiments enabled the 
development of CFD models initially to emulate the SIMTARS laboratory space and subsequently to 
simulate a longer mine roadway section extending the SIMTARS space and including the small 
experimental fire. It then used the extended space and a much larger fire. The CFD models were then 
used as the basis of a hypothetical mine evacuation scenario to estimate the time taken for 
mineworkers to evacuate past the fire hazard to a place of safety comparing traditional CO sensor 
detector alarm initiation with VBFD alarm initiation. 
 
Three significant conclusions were derived from the study in relation to VBFD detection versus CO 
detection: - 
 
1. A significant fixed plant fire can be developing that CO detectors, as currently employed by 
underground coalmines, would not detect but VBFD would. 
 
2. The analysis showed that for fast growing larger fires (e.g. 1.06 MWW in 780 s) VBFD 
could detect smoke reliably at an early stage of growth (i.e. 165 s). CO detectors located 
where they would typically be located in an operational mine however did not receive 
adequate levels of CO from the either the experimental small or more significantly the larger 
CFD simulated fire, to exceed the notional alarm levels required to initiate an evacuation as a 
result of CO concentration. Only the CO detectors located very close to the fire source in 
CFD simulations received a significant level of CO in the order of 10 to 50 ppm and the latter 
would not normally exist in an operational underground mine 
 
3. CO as a detection means is complicated by the other sources of CO in a mine. Opinion from 
expert mining officials (J. Hart 2013, pers. comm., 23 January) indicates that varying 
ambient CO levels result from mine development activities. Under such circumstances, 
background CO levels could easily mask levels of CO commensurate with an early stage 
fixed plant fire. This might result in delayed fire detection, therefore delayed evacuation and 
significantly greater asset loss. If a fire reaches the size where CO detectors would alarm, 
there already exists a significant risk to life and assets. 
 
 
 
 
222 
 
The results of the subject experiments and numerical simulations indicate that CO levels from fixed 
plant fires are slow to migrate throughout a mine at a level required to register a CO detector reading 
commensurate with the need to evacuate an underground mine. The results show that if typically 
located CO detectors cause a fire alarm level to be achieved, then the fire is likely to be quite 
significant. Ominously, CO detection is considered under most legislative regimes to be an effective 
form of early detection of fires in underground coalmines, but its actual and simulated performance 
has been shown to be less effective than VBFD in experimental and simulated environments. For 
this reason, VBFD should be subject to further testing in an operational underground coal mine to 
validate and check its robustness. 
 
In practice, if mineworkers are warned of a potentially growing fire, avoidance action can be taken 
to escape the fire in its early stages to a place of safety before the fire grows. The activation of an 
alarm to initiate the evacuation is essential either by means of properly located CO gas level 
monitoring points or, as proposed in the experimental research, by VBFD.  In this research, it was 
shown that the very early detection of fixed plant fires using VBFD outperformed CO sensing in 
both the experimental and numerically simulated environment and is likely do so in an operational 
environment. More robust testing of VBFD in operational mines is required to confirm the reliability 
of VBFD. 
 
Based on the results of experiments and modelling, it is evident that fire detection systems able to 
detect early products of combustion such as VBFD, should at least be used in conjunction with CO 
detection, as considerable detection delay is encountered for small fires where only low levels of CO 
are released in the early pre-growth stage. 
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Appendix 1 – Literature Review Information 
 
 
Figure 87: High Potential Incidents - Hazards Identified Breakdown UG Coal (Qld_Govt, 2015a) 
 
 
Mine Type: Coal Underground
Hazards Identified Number of Incidents
Hot liquids/materials 1
Working at heights 1
Inadequate emergency response 2
Radiation/hot surfaces 2
Working around bodies of liquid/fluid material 2
Fatigue 3
Hazardous chemicals 3
High voltage source/lightning 3
Outburst 3
Restricted visibility 4
Vibration 4
Inundation 6
Spontaneous combustion 6
Haulage/shaft equipment 7
Explosives 10
Manual handling 11
Noxious liquids/gases 11
Uneven surfaces 12
Organisational deficiences 13
Flammable liquids/gases/material 17
Explosions 26
Pressured storage systems 29
Falling or flying objects/materials 39
Strata failure 47
Fire 63
Moving components/parts 68
Human error/actions 80
Other 95
Moving vehicle/equipment 133
Electrical equipment 385
Sum 1086 1 
1 
2 
2 
2 
3 
3 
3 
3 
4 
4 
6 
6 
7 
10 
11 
11 
12 
13 
17 
26 
29 
39 
47 
63 
68 
80 
95 
133 
385 
0 80 160 240 320 400 
Hot liquids/materials 
Working at heights 
Inadequate emergency response 
Radiation/hot surfaces 
Working around bodies of liquid/fluid material 
Fatigue 
Hazardous chemicals 
High voltage source/lightning 
Outburst 
Restricted visibility 
Vibration 
Inundation 
Spontaneous combustion 
Haulage/shaft equipment 
Explosives 
Manual handling 
Noxious liquids/gases 
Uneven surfaces 
Organisational deficiences 
Flammable liquids/gases/material 
Explosions 
Pressured storage systems 
Falling or flying objects/materials 
Strata failure 
Fire 
Moving components/parts 
Human error/actions 
Other 
Moving vehicle/equipment 
Electrical equipment 
Number of Incidents 
Coal Underground  1/7/2009 - 30/6/2014 
High Potential Incidents - Hazards Identified 
 
 
 
 
235 
 
Figure 88: Underground Coal HPI Hazards Identified (Qld_Govt, 2015a) 
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Figure 89: Underground Coal HPIs Incident Type (Qld_Govt, 2015a) 
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Figure 90: High Potential Incidents Metal - Incidents Reported Breakdown (Qld_Govt, 2015a) 
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Figure 91: Underground Metalliferous HPIs Hazards Identified (Qld_Govt, 2015a) 
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Figure 92: Metalliferous Underground HPIs Incident Type (Qld_Govt, 2015a) 
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Extract of Mine Disaster Report - North Mount Lyell Mine Fire 
The 1912 North Mount Lyell Disaster (also known as the Mount Lyell Disaster and North 
Mount Lyell Fire) refers to a fire that broke out on 12 October 1912 at the Mount Lyell Mining and 
Railway Company operations on the West Coast of Tasmania. The mine had been taken over from 
the North Mount Lyell Company in 1903. 
 
The fire started on a Saturday morning, between 11:15 and 11:30 am, when the pump house on the 
700 ft. level of the mine was reported as being on fire. Initially the status of the fire, numbers, 
casualties and survivors were confused in the first day or so. Considerable problems occurred 
removing men from the mine that was still alive. The rescue attempt involved the transporting of 
breathing equipment from one of the Victorian mining towns to Queenstown, via a speedy shipping 
across the Bass Strait and the alleged fastest times by engines on the Emu Bay Railway, the 
Government Strahan-Zeehan Railway line between Zeehan and Regatta Point, and from there to 
Queenstown. 
 
Such was their rush to get the rescue gear to the mine, the S.S. Loongana, the ship which crossed 
Bass Strait carrying the equipment, made the crossing in 13 hours, 35 minutes – a record which 
stood for many years. Also the train travelling times between Burnie and Queenstown were never 
bettered. 
 
As a result of the fire, initially 42 lives were lost; the bodies were buried in unmarked graves in the 
Queenstown General cemetery. Initially, the first two bodies to be recovered were buried in the 
Linda Cemetery, however when the final victim (John Bourke) was recovered, the pair was buried at 
Queenstown at the same time as Bourke. Within a few months of the tragedy, one of the miners who 
escaped death and then re-entered the mine to assist in the rescue efforts, Albert Gadd, died from CO 
poisoning as a result of the disaster. Gadd should be known as the 43rd victim of the mining tragedy. 
 
The royal commission that was held at the time of the retrieval of bodies after the fire, and despite 
various theories as to the cause of the fire, an open verdict remained. Although Blainey covers the 
details of the disaster in The Peaks of Lyell, writing 40 years after the event, there were still 
variations upon the "official" versions of the event, amongst "old timers" in Queenstown. Some of 
these are aired and detailed in Bradshaw's verbatim record of the newspaper reports and the royal 
commission, as well as being incorporated into Crawford's recent novel. 
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A number of themes arise from reading Blainey, and others on the subject: the rise of trade unionism 
on the west coast at the time, and the lack of preparedness for such disasters by the mining 
companies. Also one recurring theme in some of the stories was the rumour or suggestion of the 
presence of a woman disguised as a man working underground. (MSIA, 2015) 
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Extract of Mine Disaster Report - Aracoma Alma Mine Fire 
The Aracoma Alma Mine accident occurred when a conveyor belt in the Aracoma Alma 
Mine No. 1 at Melville in Logan County, West Virginia caught fire. The conveyor belt ignited on the 
morning of January 19, 2006, pouring smoke through the gaps in the wall and into the fresh air 
passageway that the miners were supposed to use for their escape, obscuring their vision and 
ultimately leading to the death of two of them. 
 
If the wall sections had been in place, they would have prevented any exchange of air between the 
conveyor belt and the fresh air intake, the primary source of air for workers inside the mine. Instead, 
investigators now believe, smoke flooded into the air intake, which also serves as an escape route, 
disorienting two of the miners, who became lost and died in the fire. The two men, Ellery Hatfield, 
47 and Don Bragg, 33, died of CO poisoning when they became separated from 10 other members of 
their crew. The others held hands and edged through the air intake amid dense smoke. 
 
On Jan. 15, 2009 the Charleston Gazette reported that Aracoma widows Delorice Bragg and 
Freda Hatfield urged U.S. District Judge John T. Copenhaver to reject Massey Energy's plea bargain 
and record-setting $2.5 million fine for criminal charges, the highest fine ever for a mine safety 
violation. Widow Bragg stated that it was clear "that Massey executives much farther up the line 
expected the Alma Mine to emphasize production over the safety of the coal miners inside." Massey 
is also required to pay $1.7 million in civil fines for the accident. 
 
The federal Mine Safety and Health Administration issued an advisory to its 11 district offices to 
check for any missing stoppings in other mines. Inspectors were advised that two such walls—each 
18 feet (5.5 m) long and 6 feet (1.8 m) high—were missing in the Alma mine when investigators 
arrived. The mine is owned by Massey Energy, Chaired by CEO Don Blankenship. 
 
The disaster followed national media attention of the Sago Mine disaster, which occurred earlier in 
the month (US_Congress, 2008). 
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Extract of Mine Disaster Report - Belle Isle Mine Fire 
A fire occurred on Tuesday, March 5, 1968, at about 11:30 p.m. in the Belle Isle Salt Mine, while 21 
men were working underground. There were no survivors; 20 died of CO poisoning, and one as a 
result of massive skull fracture. Although every piece of available evidence was examined in detail 
during an investigation that required nearly 6 months, neither the cause of the fire nor the point of 
origin could be definitely established. It appears that the fire originated in the lower part of the shaft 
at about, or below, the mining level. 
 
The cause could have been an electrical fault, use of an oxyacetylene torch, or frictional ignition of a 
belt conveyor, and the evidence does not clearly favour any one of the three possibilities. Direct 
property damage was confined to the mineshaft and its equipment. 
 
The mine is located on the Belle Isle salt dome, along the Gulf Coast in St. Mary Parish, 19 miles 
southeast of Franklin, Louisiana. It is one of a group of underground salt mines in similar domes in 
the area, each of which is operated by a separate company. The domes are known as Jefferson 
Island, Avery Island, Weeks Island, Cote Blanche Island, and Belle Isle. Their surface elevations are 
not high, but as they were mound-shaped and rose abruptly above the flat marshland, they came to 
be known as the Five Islands. The mine, which went into production late in 1962, is owned and 
operated by Cargill, Incorporated. The total number of employees was 60, of whom 32 were 
classified as regular underground employees; some surface employees worked underground 
intermittently, and staff officials spent much time below. The mine was operated two shifts a day, 
and produced an average of 6,400 tons of salt (sodium chloride) daily. 
 
Ordinary maintenance work was done on production shifts. Although a complete Federal inspection 
of the mine has never been made, it had been visited by the Bureau of Mines representatives at the 
request of the mine management on several separate occasions between 1963 and the end of 1967 to 
examine particular phases of the operation. Bureau mining engineer Arthur M. Evans made the most 
recent of these visits on August 9, 1967, nearly 7 months before the fire. His memorandum report, 
copies of which were mailed to the company on September 13, 1967, included recommendations 
pertinent to the disaster, that: - 
 
1. Fire protection should be provided for (among other facilities) shaft stations; and  
2. A second shaft should be sunk and connected to the workings. 
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Fire Hazards and Fire Protection 
It has been a common practice for salt mines to use a great deal of wood for many purposes. Some 
mines have even the headframe and adjacent buildings of all wood construction. Basically, wood is 
used because salt is highly corrosive to common metals. There is also, however, a belief rather 
widespread among salt mine people, that when the wood becomes coated and to some extent 
impregnated with salt, it will not burn. 
 
Apparently, serious fires have not previously occurred in any salt mine in the area, and remnants of 
timber removed from the Belle Isle shaft proved very difficult to ignite and burn in an ordinary 
bonfire. However, many materials considered normally fireproof or fire-resistant will, after 
preheating, and particularly in the presence of forced-draft air supply, be rapidly and entirely 
consumed by fire. Obviously, that is what happened on March 5 at the Belle Isle Mine. 
 
Mine Rescue 
Mine rescue teams were not maintained by any of the salt-mining companies in the area. Since the 
fire, arrangements have been started by Cargill, Incorporated, and the Bureau of Mines to provide a 
mine rescue station at Belle Isle Salt Mine, and to train at least two mine rescue teams in recovery 
and firefighting procedures, as well as to interest neighbouring salt-mining companies in doing the 
same. 
 
Evidence of Activities and Story of Fire 
The day's activities on March 5, 1968, were reconstructed from brief entries in the hoist operator's 
log, supplemented by statements of the second-shift hoist men and other mine personnel. The day 
shift went down at 7:40 a.m. There were no barges available for loading. At 3:11 p.m., hoisting and 
large-loading of salt was started. The night shift relieved the day shift underground at about 3:30 
p.m., and the day shift crew was hoisted. Hoisting of salt was resumed and continued for about 6 
hours. For the period 9-10 p.m., the log showed 39 skips hoisted, followed by the remark, "Stop 
hoist 9:49. No barge." Nothing unusual had occurred up to this time on this date, and no 
maintenance work had been done in or about the shaft on either shift up to this time. When out of 
barges, it was customary to continue mining and processing, and to divert the crushed salt into the 
underground storage chambers. The night shift had been working overtime regularly, and on this day 
it was scheduled to continue crushing until 1:45 a.m. After the available barges had been loaded, the 
loading-dock crew went underground to complete their shift, bringing the number underground to 21 
men. These last men went below in the auxiliary cage about 0:25 p.m. 
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A maintenance crew on this shift was scheduled to lubricate the skips and the skip loader and to 
make any needed repairs. This routine was performed at least once a week, and, so far as feasible, 
when there were no barges to be loaded. The usual procedure was for the maintenance men to bring 
their equipment, lubricant, compressed-air grease gun, grease compressor, and arc welder from the 
underground shop area, using a military-type Jeep. Oxyacetylene equipment was kept on a handcart 
at a safe distance from, but convenient to, the shaft. Thus, all necessary equipment was at hand at the 
mining level shaft station. 
 
It is not known definitely what, if anything, besides lubrication, was required to be performed this 
night, but, after the fire, all the named equipment was found not far from the shaft, and the 
indications were that all had been used, except possibly, the arc welder. 
 
The hoist man of course, knew the lubrication routine. At approximately 10:15 p.m., the 
maintenance men signalled for the north skip. The usual time for the full procedure for one skip was 
about 15 minutes and, although the hoist man did not record the exact time, all went as usual, and he 
judged that the elapsed time was about 15 minutes. Next, the mechanics called for the south skip, 
and went through the same routine. The time worked the south skip was estimated also about 15 
minutes. Then they called for the north skip again. After north skip was sent down, there was a slight 
delay at the mining level, while, as the hoist man assumed, the mechanics "put whatever stuff they 
needed" on the cage to work down below. As explained before, the cage of the north skip was the 
only one kept in condition to handle men and materials. They then belled to be lowered to the skip 
loader, stayed there about 10 minutes, and were hoisted to mining level. Shortly, they went back 
down to the skip loader, stayed longer this time, came back to the mining level, and gave the signal 
releasing the north skip at 11:20 p.m. 
 
This would ordinarily signal completion of the lubrication-repair work, and someone would then 
telephone the hoist man and report the job finished. This time, however, they immediately signalled 
for the south skip again, a most unusual occurrence. After the south skip had been landed at the 
mining level station for something like 5 minutes, someone released it by the knocker, and the hoist 
man received a call by telephone, "Come down with the north side; the shaft is on fire. 
 
The hoist man lowered the north skip, which required about 1 minute. In his haste, he overshot the 
landing slightly, but quickly recovered position. After 2 or 3 minutes, someone gave six or seven 
 
 
 
 
246 
rapid signals; then the same man who had called before telephoned again: "The skip is on fire; we 
cannot get on it." By now, it would appear to have been close to 11:30 p.m. 
 
The hoist man recognized the voice as that of Roy Byron, a topside man. While the hoist operator 
was still on the phone, Paul Granger, the underground foreman, cut in and said, "Go to the radio, get 
some help, get a lot of help." He repeated the exhortation three times. Immediately, another voice 
unrecognized, repeated three or four times, "Pour some water down the shaft." This was the last 
communication from the men underground to the surface, and later attempts to call from the surface 
were fruitless. There was thus no indication of how the fire started, or exactly which part of the shaft 
was aflame. 
 
Probable Point of Origin 
Since the ignition agency could not be established, the point of origin could not be established 
definitely, and vice versa. The evidence seems to point to that part of the shaft below mining level as 
the most probable point of origin, and several potential sources of ignition were either actually or 
possibly present in that area. 
 
Conclusions 
Although the cause of the Belle Isle Mine Fire could not be determined, the investigation following 
the disaster revealed three factors that must, in the Bureau's opinion, be considered as contributing in 
a major degree to the loss of the miners' lives. Those factors are: 
1. The absence of adequate fire prevention measures in a shaft that incorporated a great deal of 
flammable light timber and plywood in its structure and its facilities. 
2. The inadequacy of firefighting facilities at and in the shaft. 
3. The lack of a separate shaft, which could have provided the trapped men with another way 
out of the mine. (Qld_Govt, 2015b)  
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Extract of Mine Disaster Report - Sunshine Mine 
Background 
The Sunshine Mine is located about 8 miles southeast of Kellogg, Shoshone County, Idaho. 
Employment totalled 522 persons, 429 of whom worked underground. The mine was operated 
on three 8-hour shifts, 5 days a week. Miners gained entrance to the active mine workings by 
walking along a 200 foot drift (tunnel) to the Jewell Shaft, and were then lowered to the 3100 and 
3700 levels by means of a hoist (elevator), then transported by train to the No. 10 shaft and again 
lowered by means of shaft conveyance to their designated levels. The No. 10 shaft extends from 
3100 to the 6000 feet. Production was being maintained on the 4000, 4200, 4400, 4600, 4800, 5000, 
and 5200 levels, with some development work on the 5400, 5600, and 5800 levels. 
 
Summary of Disaster 
A fire of as yet undetermined origin was detected by Sunshine employees at approximately 11:35 
a.m. on May 2, 1972. At that time, smoke and gas was coming from the 910 raise on the 3700 level. 
This fire precipitated the death of 91 underground employees by smoke inhalation and/or CO 
poisoning. A subsequent shutdown of production of 7 months followed. Evacuation efforts at the 
time of the onset resulted in 81 men being evacuated the first day and 2 men being rescued 7 days 
later from the 4800 level. 
 
Discovery of Fire and the Activities Thereafter 
According to the depositions, men obtained self-rescuers from storage boxes on the shaft stations. 
Some of the men reported they had difficulty in using the self-rescuers and they discarded them. 
Many men were doubtless quickly overcome by CO and smoke, and died before they were able to 
reach the Jewell Shaft. 
 
Investigation of Possible Causes of Fire 
Investigation of the cause and the origin of the fire has continued (on a periodic basis). In order to 
determine the probable cause of ignition, one must try to ascertain the location of ignition. The 
general opinion is that the fire originated in the 09 vein somewhere between the 3400 and the 3550 
levels, presumably near the 09 crosscut on the 3400 level. It is believed that when sufficient heat and 
fire had burned through a wooden bulkhead on the 3400 level 09 drift causing the bulkhead to 
collapse, smoke and gases were then picked up by the exhaust ventilation system and recirculated 
down the 910 raise and other raises along this route to the 3700 level and throughout the general 
working areas of the mine. 
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It is believed that the collapse of this bulkhead caused a short circuit of the ventilation, thus allowing 
the exhaust air to become the main source of air movement in the intake or fresh air system. This 
was unknowingly perpetuated by the closing of the fire doors on the 3100 level and the 3700 level. 
As the two main exhaust fans situated on the 3400 level continued to operate throughout the time of 
the fire and were not shut off until 3:00 p.m. on May 7, when a firefighting crew shut the main 
power feeder off at the 3700 level substation. 
 
Oxygen and Acetylene Cutting and Welding 
The possibility of ignition resulting from the cutting of rock bolts with an acetylene oxygen cutting 
torch on the 3400 level may have been the indirect cause of starting the fire although it is very 
unlikely that the fire began at the exact place that the cutting was being done. The area where the 
cutting was being conducted was no less than 300 feet on the downwind side from the nearest 
timbered area, which was the 09 drift intersection reported to have been thoroughly wet down. 
 
There is a vague possibility that the hot bolts or some smouldering material such as wooden wedges, 
headboards, or rags may have been collected and disposed of behind timbers close to the 09 drift 
intersection, to flare up after the three workers left the area. 
 
Smoking of Cigarettes 
It was found that two men that worked on the 3400 the morning of the fire smoked cigarettes but it is 
doubtful that anyone could smoke cigarettes in the area of where it is believed the fire started. 
According to company personnel there was no way of gaining entry to 09 drift on 3400, and due to 
the high velocity of air, 1600 feet per minute in the outbye, it is doubtful anyone could smoke 
cigarettes in this extremely fast air current (not impossible but doubtful). 
 
Electricity 
Subsequent investigations have indicated there were no energized electrical wiring or installations in 
the burn area. 
 
Spontaneous Combustion 
Because of the large amount of timbers that had been previously used in the area where the fire is 
believed to have started, plus the reported accumulation of other combustible materials, the 
possibility of fire ignition by means of spontaneous combustion was given a lot of credulity even 
though no one in the Coeur d' Alene Mining District can remember an instance where a fire was 
 
 
 
 
249 
initiated due to spontaneous combustion from old mine timbers. The 09 drift on 3400 had been bull-
headed off in the early 60s to prevent ventilation leakage and to restrict entry of persons into the 
worked out areas. It is not known for certain every material used in the construction of these 
bulkheads. 
 
It was reported that the timber sets in this intersection was laced with shiplap and/or plywood boards 
chinked along the walls with burlap. The boards were covered with tar paper and then sprayed with 
urethane foam. The entire intersection, for an estimated 50 feet, was slick walled with plywood, tar 
paper and urethane foam, and canopied overhead in the same manner. It is not known what all 
materials were previously disposed of in the abandoned worked out area of the mine, but it is likely 
that several materials classified as combustible would have been found in the old workings, i.e., old 
broken timbers, rags, burlap, paper wrappings from lunches, explosive containers and probably 
explosives. Any or all of these materials could have contributed to spontaneous combustion if the 
right conditions existed. 
 
Arson 
There has been no substantial evidence provided that leads us to believe the fire was deliberately 
started. (USMRA, 2015) 
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Extract of Mine Disaster Report - Appin Colliery Belt Drive Fire 
Kininmonth and Fisher reported (1999) on the Appin underground mine belt drive fire which 
occurred on Sunday morning 7th November 1976 at approximately 2:25 am where smoke was 
discovered coming from the 1912 metre long belt drift at Appin Colliery. They reported that a 
Clouth steel cord rubber belt approximately 940mm in width had been installed in a drift in 1963 on 
the basis that no fire resistant steel cord belt was then available to operate on a single lift at the load 
and on the 16°gradient of the drift. 
 
The 3.2 m wide belt was supported by roof bolts with mesh in the shale beds and was gunnited 
throughout the length except for the concreted portal. The belt was designed to run at 3.05 m/s but 
had been approved as an emergency man riding facility with a winding speed of 1.02 m/s. 
 
Prior to the fire on Wednesday 3rd of November 1976 at approximately 10:00 pm, smoke was 
noticed at the bottom of the belt drift and an assistant electrical engineer travelled up the drift and 
found a hot belt idler which was later reported to be at 79 manhole. The engineer put water on the 
hot idler and removed it, but also noticed glowing coal so threw water by hand onto it. Two other 
workmen went separately up the drift under instructions to replace the idler, but could not do so as 
the belt was too heavy for them to lift. Due to a number of events occurring between the 3rd and 7th 
of November relating to inability to identify the removed idler, its replacement did not occur. 
 
At 1:40 am on Sunday the 7th of November, the Appin Colliery Manager found evidence of smoke in 
the air close to the mine. After some preliminary investigations during which time it was assumed 
that some electrical switchgear on the surface was on fire it was soon found that the belt drift was 
up-casting and heavy smoke was being emitted. Emergency procedures were set in motion and the 
Rescue Station was notified at 2:25 am with Rescue Station personnel arriving at the mine at 
approximately 3:00 am. The Mutual Assistance Scheme operated by the Southern Mines Rescue 
Station and involving rescue teams from the collieries in the district was brought into operation. 
Rescue teams were sent to the colliery or placed on standby. 
 
Firefighting 
Firefighting consisted of water being applied to the site of the fire by using fire hoses directed onto 
the top and the bottom belts. A rescue team travelled at 4:20am into the mine with ventilation air 
down casting. They returned at 6:53 am after carrying out sealing operations in the mine. This 
sealing was subsequently improved by blocking off partial doors around the belt. At 9:45 am, a 
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firefighting foam generator was used to push high expansion foam into the belt drift through a small 
hole at the portal. 
 
During recovery and mopping up it was found that a small fire was active between 40 and 58 
manhole. After discussion the approach taken was to extinguish the fire with fire hoses rather than 
continued firefighting foam, which was subsequently successful and finally allowed a full rescue 
team to enter from the belt drift portal and make their way fully to pit bottom observing no further 
fires. 
 
Incident Assessment 
Kininmonth and Fisher reported (1999) also reported that the following matters were considered of 
special interest: - 
 
• Fire detection – fire detection was needed for these types of facilities. 
• Access - Intermediate access is required in long drifts for firefighting. 
• Firefighting Foam - High expansion firefighting foam successfully quenched the fire, 
however for managing extensive fires an on-site volume of foam should be kept to allow 
firefighting during a 24 hour period with a minimum 12 hours’ continuous capacity. 
 
Conclusions 
The heat from a collapsed belt idler may cause smouldering which is difficult to detect but which 
may last several days in coal spillage and result eventually in development of open flames.  
 
High expansion foam has been shown to be effective in controlling a fire in a belt drift, but the foam, 
which is broken down by the heat in the active fire zone should be replaced regularly and the foam 
maintained for twenty-four hours in the fire is deep seated. 
 
The circumstances outlined highlight the need to report and fully investigate even seemingly minor 
incidents of localised hot spots near coal spillage (Qld_Govt, 2015b). 
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Extract - Kenmare Mine – Level 1 Simulated Emergency Exercise 1999 
The simulated scenario utilised a fixed plant fire based on the 1976 Appin Colliery Conveyor Belt 
Fire as previously detailed in Appendix 1 – Mine Fire Disasters.  
 
General Comments 
The evacuation of underground personnel was handled well, however some significant rip hazards 
existed along the conveyor belt roads, which under poor visibility can become a major hazard. It was 
reported that not even one (1) individual in visibility-reduced masks could step down off a four (4) 
inch pallet whilst walking along the drift, as the depth off the pallet was not determinable. 
 
One of the key elements in the scenario was the reporting to the Control Room of smoke issuing 
from the belt road portal. This information was greeted with a range of responses, few of which 
captured the true nature of the events responsible for this circumstance, which was the buoyancy 
effect of hot smoke overcoming the increment of the ventilation pressure acting between the portal 
and the fire site. This misunderstanding of the physics of fires led to no effective firefighting strategy 
being employed (Qld_Govt, 2015b). 
Extract - Newlands Colliery – Level 1 Simulated Emergency Exercise 2000  
The scenario itself was based on a fire initiated by a fault in the transformer at cut-thru 2. C to D 
heading Main Dips. Through a series of events the transformer acted as the energy source to ignite a 
fire in the coal roof and ribs. The fire grew rapidly as it consumed fuel in the roof and ribs and 
spread throughout the cut-thru. Combusting coal in the roof eventually reached the far side rib of 2 
cut-thru to D heading, where it burnt through the tube bundle monitoring lines. 
 
The fire was seemingly brought under control following the application of low-expansion foam 
applied from both sides of the cut-thru. However, combustion was still occurring in the coal roof 
strata, eventually resulted in a fall of the weaken roof in the intersection at 2 cut-thru to D heading. 
Following this fall, the combusting roof coal was exposed to the fanning effect of the full ventilation 
flows in D heading and again rapidly grew out of control. Further application of low-expansion foam 
from the out-bye side of the fall again brought the fire under control. It should be pointed out that at 
no stage was the transformer itself on fire. All mine atmospheric and ventilation monitoring data was 
provided through the mine control room, in real time and in a format compatible to computer 
assisted analysis and system interrogation. As in previous years, the software program developed by 
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SIMTARS proved invaluable in the provision of this data. The data was presented in formats 
identical to those used at Newlands and with which the personnel at Newlands were familiar. 
 
It was anticipated that the exercise would be attacked on four fronts: 
1. In-seam evacuation of personnel using self-rescuers and compressed air breathing apparatus 
(CABA) 
2. Firefighting and control by in-seam and/or surface directed teams  
3. Rescue and recovery of missing personnel by in-seam CABA teams and/or surface directed 
Mines Rescue Teams 
4. Deployment of the GAG inertisation equipment  
 
No constraints were to be placed on the extended deployment of the Queensland Mines Rescue Service 
teams other than those imposed by QMRS internal policies and procedures, or on the mine’s internal 
emergency response teams. The practice previously adopted by the Emergency Exercise Management 
Committee of providing advance notice of the “window” during which the exercise was to be conducted 
was continued, and advance notice provided to all stakeholders, including the police, community, media 
and emergency services.  
 
Transformer Scenario 
Some days before the incident (a period less than the routine test period for 11kV protection tests), a 
maintenance electrician replaced a suspected faulty capacitive trip unit and gas pressure trip. The 
electrician did not test functionally of capacitive trip unit due to being at an end of shift. 
He also did not correctly connect the gas pressure trip gas lines. The nitrogen gas leaked out, the 
low-pressure gas trip sent a trip signal to 11kV breaker but was unable to trip as capacitive trip unit 
was incorrectly installed. 11kV feed to the transformer was temporarily de-energised due to tests on 
surface breaker.  
 
On re-energising the 11kV feed to the transformer, the normal surge (inrush) caused a flashover 
across the main 11kV terminals of the transformer windings causing major arcing between phases 
resulting in catastrophic failure of the transformer tank. The structural failure of the tank (the lid 
“blew” off) allowed extreme high temperature ionised gas, in the order of 14,000OC, burning 
insulation and molten copper to impinge on the coal roof and ribs igniting the coal. No one was 
present to combat the – if anybody had been present they would have received serious injuries or 
burns (Qld_Govt, 2015b). 
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Extract - Moranbah North Coal Mine Level 1 Emergency Exercise 2005 
The most prevalent and obvious source of a full and immediate mine evacuation as recognised by all 
underground coalmine management is that of a fire in the main intakes. This has largely, and rightly, 
been the focus for previous level one emergency exercises. The intent for this exercise was to test the 
mines emergency preparedness and also to raise industry awareness of the dangers associated with 
fires involving chemicals, electrical installations and the requirements for fighting large fires in 
underground roadways. 
 
General Scenario.  
The driver of the Eimco was severely injured but managed to escape to the intake side of the fire. 
For the purpose of the exercise it was decided that the driver would become a fatality as he was 
being transported to surface. The products of combustion, including smoke and toxic gases, spread 
inbye around the longwall panel (105) and the development panels 106, 107 and 108.  
 
The shift undermanager and the crew from 202 Bord and Pillar Panel investigated the power trip 
underground, which caused an alarm in the surface control room. This team searched for the cause of 
the power failure and on discovery, commenced the initial firefighting response. Inbye personnel 
who evacuated to a position outbye of the fire later supplemented this response. All underground 
personnel were required to evacuate to a place of safety as required by the mine’s emergency 
response management plan. The situation was then brought under control by the mine’s Incident 
Management Team directing control and recovery operations using both mines rescue teams and 
trained mine personnel (Qld_Govt, 2015b) 
 
The emergency exercise was triggered at 9:37 pm on Sunday 21 August 2005 by simulating an 
incident at 41 c/t, D heading Main Headings, where an Eimco loader carrying PUR resin and two 
cans of diesel had collided with a transformer. The collision caused damage to a high-tension cable, 
which arced and ignited the PUR and diesel mixture as well as tripping all underground power. 
 
(Qld_Govt, 2015b)  
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Extract - Newlands Coal Mine Level 1 Emergency Exercise 2008 Scenario 
Normal access to the workings of the Newlands Underground Coal mine is achieved via ramp access 
into the previous open cut with the mine’s portals located at the base of the former open cut 
highwall, as shown in Figure 93. It should be noted that these portals also act as the main ventilation 
intakes to the workings of the mine. 
 
 
 
Figure 93: Accident Site (Qld_Govt, 2015b) 
 
 
On the afternoon of the exercise two crews of miners were working in the mine, one crew of 7 were 
operating the longwall, located approximately 2.7km inbye from the main portal, while another crew 
of 8 were working in the development heading approximately 1.5 km inbye from the main entrance 
portal. 
 
The emergency was caused by a contractor who, on a late Friday afternoon using his heavy rigid 
tanker truck delivered approximately 2,000 litres of fuel to a bulk fuel storage facility located in the 
open cut, within 100m of the main portal. While driving down the ramp, the truck’s brakes failed 
causing the truck to gain speed finally colliding with some infrastructure at the bottom of the ramp. 
Due to the severe impact, the truck rolled over, the tank ruptured and fuel was spilt. Shortly 
afterwards the fuel ignited and commenced to engulf the vehicle. 
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The truck driver was seriously injured in the collision and resulting fire, receiving serious injuries 
and burns but managed to crawl away from the truck. He collapsed out of sight behind some 
equipment near the incident location. There were no witnesses to the incident. 
As more and more fuel spilt across the area in front of the portals the fire grew larger and also 
engulfed the belt coming from the adjacent portal. As the portals are main ventilation intakes, 
combustion products from the truck and belt fire were drawn into the workings where the crews 
were working. 
 
Light winds and normal convection through the open cut carried smoke and combustion products 
towards the other portal openings and towards the second vehicle ramp at the end of the open cut. 
It should be noted that this scenario is almost identical to recent incidents at mines in central 
Queensland where the failure of vehicle brakes caused an uncontrolled runaway of a vehicle 
resulting in an impact collision at the base of the mine ramp. In one incident the vehicle did catch 
fire, resulting in significant burns to the driver and triggering an evacuation from the underground 
workings as a consequence of smoke polluting the ventilation circuits.  
 
Some outcomes of this exercise, are as follows: - 
 
1. Identification that the tubes in the tube bundle system had burnt through and were all monitoring from 
the same location in the P3 portal occurred. 
2. The development crew were being affected by smoke entering the panel and visibility was 
reduced. Using the darker tinted goggles simulated this. 
3. The off-scale value of 50ppm for CO was initially used to determine that a “Level 1” TARP 
was activated. This assessment was made without consideration that CO may in fact be 
higher. CO make was not considered with respect to TARPs. 
4. Consideration as to which tube bundle points were affected by the incident and subsequent 
“holding” of these points to limit system to the points of interest would give more regular 
information on the event. 
5. Being able to divert bag out from the tube bundle directly to the gas chromatograph would 
make the running of samples from the tube bundle sample points through the GC efficient 
and easy. 
6. Determination of magnitude of off-scale gas concentrations on automated monitoring 
systems should be made using on-site gas chromatograph. 
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Figure 94: Frontal view of mine access portals - (Qld_Govt, 2015b) 
 
 
7. Although identified that tubes were burnt through at the fire site no samples were collected 
from the tube bundle for GC analysis. 
8. Checking of tubes bundle monitoring system for vacuum pressures of tubes would have 
confirmed that tubes had been compromised. 
9. No assessment of explosibility for off-scale tube bundle monitoring points was made using 
gas chromatograph results. GC analysis incorporates high CO and hydrogen concentrations 
that contribute to explosibility and not accounted for by automated monitoring. 
10. Implement monthly leak checks (as per Australian Standard AS2290.3, Standards Australia 
1990) and determination of draw times for each tube for tube bundle system. 
11. Monitoring and logging of vacuum pressures for each sample tube to identify any 
compromised tubes. 
(Qld_Govt, 2015b)  
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Extract - Caledon Coal Underground Coal Mine Level 1 Emergency Exercise 2009 
The following scenario typifies the problem associated with conveyor belt fires in underground 
mines and is a very good example of how Video Based Fire Detection (VBFD), the subject of this 
research, might provide an effective solution for controlling life safety risks and asset losses. 
 
Scenario 
Central to the infrastructure of Cook Colliery is a decline that connects the surface with the 
underground operations. This decline serves many uses. It is the primary personnel and material 
transport route using a dolly car system, houses the main conveyor belt out of the pit and is one of 
two main air intakes to the underground workings. A secondary air intake is provided through a 
downcast shaft located approximately 400m away from the decline and mine offices. 
 
The scenario involved ignition of coal fines around a hot conveyor belt idler, on the main decline 
conveyor belt, near pit bottom. As the fire grows, combustion products are drawn into the workings 
and at some point the belt trips. The underground shift electrician is asked to investigate and uses the 
drift runner vehicle to travel from his panel to pit bottom to investigate the source of the belt 
stoppage. As he drives into gradually thickening smoke, he becomes disorientated and gets lost. 
 
Both working crews, located in different parts of the mine, start to evacuate by foot towards the 
secondary egress shaft. During the evacuation the crews will be required to don self contained self 
rescuers (SCSR) and changeover of SCSRs will be required throughout the evacuation. One 
mineworker will be injured during the evacuation and will to be stretchered to the shaft and put into 
the cage on his stretcher. The emergency is deemed sufficiently serious and assistance by the 
QMRS, including its GAG inertisation crew, will be requested. 
 
Ventilation modelling was undertaken to predict the anticipated spread of pollutants through the UG 
mine working. The mine’s gas monitoring system was replicated prior to the exercise and interfaced 
to the mine supervisory control and data acquisition system. This enabled the delivery of simulated 
mine condition information through systems familiar to the mine staff and which they would use in a 
real emergency. 
 
In summary: - 
• A fire starts on the man conveyor belt in the one drift access.  
 
 
 
 
259 
• An electrician (from the furthest away panel) is sent to investigate why the main belt had 
tripped, becomes lost in smoke and is required to don a SCSR. He remains with the vehicle.  
• Combustion products from the belt fire near pit bottom enter the UG workings and trigger 
evacuation of the two working crews towards the mine’s second egress point. 
• Tube bundles and all communications are lost as the fire rages out of control. 
• The pollutants spread throughout the mine, requiring workers to don their rescuer. Both 
crews will be provided with spare SCSRs for donning and use during the exercise; personal 
SCRS are not to be used. 
• The crews will also experience reduced visibility requiring tinted goggles to be worn. 
• One mineworker will be injured and need to be stretchered to the shaft and evacuated on his 
stretcher to surface. 
• The fire cannot be brought under control, triggering the GAG inertisation truck to be called 
to site. 
• Basic communication rules were reiterated e.g. at time of exercise no ‘000’ calls are to be 
made, all off mine site communications to be preceded by ‘this is an exercise only’. 
 
Some outcomes of this exercise are as follows: - 
 
1. Good first response – looking for source of fire. 
2. Clarify TARPS in terms of smoke or CO make/percentages. 
3. Information to U/G needs to be concise but accurate – appreciate difficulties in the scenario – 
but morale issues without information. 
4. People in thick smoke would find it very difficult to read PED messages, especially while 
wearing smoke goggles and self-rescuer. 
5. The time taken to recognise the fire situation in the intake drift significantly reduced the 
ability of the operation to quickly and effectively extinguish the fire and recover people 
underground. This should be a major consideration driving considerations of improvements 
for real time and tube bundle monitoring. 
6. The real-time gas monitoring system must display visual and sound audible indication of gas 
alarms. 
7. The gas readings for the tube bundle system and real-time system were off scale and but 
unfortunately this data was generally believed. 
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8. Mine monitoring systems should incorporate ability to notify when sensors are in fault and 
over-range. All mine personnel involved with gas monitoring systems must be able to 
identify where sensors are over-range.  
(Qld_Govt, 2015b) 
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Extract - Kestrel South Mine 2014 Level 1 Mine Emergency Exercise 
Scenario 
The scenario for the exercise was based upon an underground conveyor overrunning and creating a 
pile up of coal at the end of the shift at the transfer of the main underground conveyor and the drift 
conveyor. A faulty conveyor belt idler was the ignition source for the coal, which quickly escalated 
into a coal spillage fire. The pollutant from the fire quickly spread around the mine creating the 
requirement for an evacuation by coal mineworkers (CMWs) using self-contained self-rescuers 
(SCSR) and compressed air breathing apparatus (CABA). 
 
Figure 95 shows the location of the fire and depicts what would be seen at the fire site. This image 
was also used by the underground assessors to brief any personnel attending the site. The Level 1 
management team decided that any initial fire-fighting response would not be successful. This would 
require the deployment of the QMRS inertisation tool, the GAG and allow for an appraisal of the 
time taken from requesting its deployment, to the GAG being available to use. To add complexity 
for the mine’s incident management team (IMT), there is a mineworker with an injured leg in a part 
of the mine which is not affected by the conveyor belt fire. His location is on 403-face line, which is 
ventilated by an intake borehole (see Figure 96). The mineworker had access to a telephone and 
attempts would be made to make external communications. The mines ventilation simulation 
software (Ventsim) was used to model the path and concentrations of smoke and gases, as they 
would travel around the mine from a fire in this location. 
 
This information was then used to calibrate the SIMTARS program SAFESIM, which replicates gas 
data for underground fires and explosions to generate gas data in real time to be presented into a 
replication of the mines gas monitoring system. Kestrel South Coal Mine uses the SIMTARS 
program SAFEGAS for monitoring, trending and alarming on their tube bundle gas monitoring 
system. A duplicate gas monitoring system was established in the control room and the control room 
operator 
(CRO) responded to the alarms as they were raised. One advantage of this approach is the CRO can 
log on using his own password and is familiar with the touch and feel of the system. 
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Figure 95 Plan of Kestrel South Coalmine (Qld_Govt, 2015b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 96: Conveyor Belt Fire (Qld_Govt, 2015b) 
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Some outcomes of this exercise were as follows: - 
4. Kestrel does not presently have closed circuit television (CCTV) facilities in place in critical 
areas to aid in the detection and assessment of fires from the surface. 
5. Review firefighting risk assessments including: training and determine equipment 
requirements of fire crews, consideration of clothing and CABA, as well as for the 
deployment of firefighting teams following evacuation of the mine including the review of 
the QMRS Mine Re-Entry Assessment System (MRAS) approach. 
6. Review mine site fire procedure to identify the need to generate appropriate gas data as soon 
as possible and the data is used for the control fire-fighting activities and mine re-entry. 
(Qld_Govt, 2015b)  
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Appendix 2 - Safe Work Methods Assessment – Proof of Concept Tests - Wollongong 
As applied at Wollongong Mines Rescue Training Centre – Nov 2010 (Uni_Qld_SMI, 2015)
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Appendix 3 - Safe Work Methods Assessment – Detailed Experiments - SIMTARS 
Mendham SIMTARS / UQ ‘Video Based Fire Detection’ (VBFD) experiments  
‘Step by Step’ Procedure 
 
Part 1 – Set up of Experiment  
 
1. Site Induction 
2. Review risk assessment 
3. Complete approved SWMS ‘set up’ check sheets progressively for the following tasks 
4. Set up white board in key location for planning and implementation and notes 
5. Prepare and check integrity of PPE required for the following tasks (See PPE list) 
6. Fit appropriate PPE prior to carrying out applicable tasks (e.g. heat proof gloves for operating/testing Coal Heating Unit, Safety Glasses etc.) 
7. Clear Prop Room of visual ‘line of sight’ obstructions (VBFD to smoke source) 
8. Clear Prop room of potential trip and slip hazards in accordance with SIMTARS identified storage space within or outside Prop Room, as 
instructed 
9. Use electric leaf blower to remove excess dust from Prop Room 
10. Fit ‘black out’ sheets to exterior of Prop Room (leaving flow through ventilation capability whilst not carrying out experiments that can be 
closed off during tests) NOTE: This task may be carried out at a later point in the set up if unsafe to do due to rain or other reasons. Height 
access equipment is required (portable scaffold). 
11. Locate coal heating unit in test position (Nth end of Prop Room) 
12. Locate water filled bin for dumping extinguishing burning coal after each experiment at Nth end of Prop room 
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13. Locate fan unit behind proposed VBFD position (Sth end of Prop Room) 
14. Locate platform (VBFD bench) for VBFD and PC to be mounted on, in front of fan unit position 
15. Mount CO monitors in predefined locations (hook to ceiling using lengths of stiff wire cut to required length) – use temporary safety tape to 
avoid accidental impacts to face, eyes etc. 
16. Locate light source/s to project light on potential smoke plume 
17. Locate Anemometer in vicinity of coal heating unit 
18. Locate light intensity meter in vicinity of potential smoke plume 
19. Locate timer at VBFD bench 
20. Relocate white board in vicinity of VBFD bench 
21. Locate 2 x VBFD cameras and PC test kit on VBFD bench 
22. Fit Temperature probes on wire ‘thermocouple’ tree above coal heating unit 
23. Run extension leads to each 240 v lead and provide trip protection over leads 
24. Locate Fire Extinguishers in readily accessible location if not already 
25. Check extinguishers indicate that they are charged 
26. Individually test the operation of the following: - 
a. Fan 
b. VBFD units 
c. Coal heating unit 
d. Temperature probes on ‘tree’ 
e. CO monitors 
f. Light source 
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g. Anemometer/s 
h. Timer 
27. Make adjustments to all test equipment and ancillary equipment in preparation for experiments 
28. Place warning signs outside room to advise of potential smoke hazard and experiments being underway 
29. Prepare coal samples for heating 
30. Arrange recording documents for capture of experimental data 
31. Ensure adequate potable drinking water is available for room occupants (several bottles of retail drinking water etc.) 
32. Energise all equipment, except Coal Heating Unit, to ensure system is fully operational and synchronised. 
33. Carry out final room walkthrough and review for potential hazards or opportunities to improve the experimental layout. 
34. Load de-energised Coal Heating Unit with test coal sample 
35. Activate Coal Heating Unit 
36. Carry out preparatory (trial) test to ensure all equipment operating correctly and light levels and air velocity set to desired levels. 
37. Remove heated coal and extinguish in water filled bin 
38. Open black out sheets at Nth and Sth ends of Prop Room to purge room of combustion products 
39. Review trial data 
40. Make adjustments for experiments as required 
 
 
 268 
Part 2 – Experimental Procedure 
 
1. Load de-energised Coal Heating Unit with coal sample 
2. Reset test equipment for next experiment and commence recording 
3. Activate Coal Heating Unit 
4. Carry out experiment # and repetition # 
5. Remove heated coal and extinguish in water filled bin 
6. Open black out sheets at Nth and Sth ends of Prop Room to purge room of combustion products 
7. Review data 
8. Record comments on check sheets 
9. Next experiment – go back to Step #1 
 
Experiment Light Source Air Stream Repetitions 
1 Low intensity High velocity air flow -VBFD to Smoke Plume TBA 
2 High intensity High velocity air flow -VBFD to Smoke Plume TBA 
3 Low intensity High velocity air flow – From behind Smoke Plume to VBFD TBA 
4 High intensity High velocity air flow – From behind Smoke Plume to VBFD TBA 
5 Low intensity Low velocity air flow -VBFD to Smoke Plume TBA 
6 High intensity Low velocity -VBFD to Smoke Plume TBA 
7 Low intensity Low velocity air flow – From behind Smoke Plume to VBFD TBA 
8 High intensity Low velocity air flow – From behind Smoke Plume to VBFD TBA 
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Part 3 – Demobilise Experiment and Reinstate Prop Room 
 
1. Complete approved SWMS ‘pack up’ check sheets progressively for the following tasks 
2. Prepare and check integrity of PPE required for the following tasks (See PPE list) 
3. Ensure no coal remains in Coal Heating Unit (Fire risk if still hot) 
4. ‘Power down’ all test equipment in controlled manner to manufacturer’s requirements 
5. De-energise all electrically powered equipment associated with VBFD tests. 
6. Disconnect all extension leads and pack them for storage 
7. Store wrapped extension leads 
8. Remove ‘blackout’ sheets from outside of Prop Room using height access equipment. NOTE: This task may be carried out at a later point in 
the pack up if unsafe to do due to rain or other reasons. Height access equipment is required (portable scaffold). 
9. Package ‘blackout’ sheets for storage 
10. Store ‘blackout’ sheets 
11. Store portable scaffolding 
12. Wipe clean and repack VBFD equipment into test set carry case – locate equipment in transit storage area within Prop Room ready for 
removal. 
13. Remove wire supported CO monitors and wire supports - Wipe clean and repack CO monitors - locate equipment in transit storage area 
within Prop Room ready for removal.  
14. Wipe clean and repack Anemometers - locate equipment in transit storage area within Prop Room ready for removal. 
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15. Wipe clean and repack Light level meter - locate equipment in transit storage area within Prop Room ready for removal. 
16. Wipe clean and repack light source and fan unit - locate equipment in transit storage area within Prop Room ready for removal. 
17. Wipe clean and repack heat sensor unit - locate equipment in transit storage area within Prop Room ready for removal. 
18. Disconnect thermocouples from ‘tree’, clean and repack - locate equipment in transit storage area within Prop Room ready for removal. 
19. Clean and repack Coal Heater Unit - locate equipment in transit storage area within Prop Room ready for removal. 
20. Wipe clean and repack white board - locate equipment in transit storage area within Prop Room ready for removal. 
21. Relocate VBFD bench to original location - locate equipment in transit storage area within Prop Room ready for removal. 
22. Empty burnt coal in water filled bin in a location approved by SIMTARS. 
23. Restore fire extinguishers to original locations (if moved) 
24. Collate all test data sheets and check sheets – store in UQ satchel. 
25. Repack all equipment to be taken off site in vehicle. 
26. Remove an rubbish from site (Drinking water bottles etc.) 
27. Use portable electric leaf blower to remove any residue and dust from Prop Room 
28. Check and receive confirmation from SIMTARS supervisor that Prop Room has been returned to condition as found on commencement of 
experiments  
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ANZ
Risk and Environmental Impacts Register Template  Q4AN-231-TP1
Register
Risk and Environmental Impacts Register Template (Q4AN-231-TP1)
Revision 1  June 20, 2011 Page 1 of 2
Likelihood Consequence Risk/ImpactLevel Likelihood Consequence
Risk/Impact 
Level
1.00 Safety
1.01 Heat Injury due to burn from coal heating equipment Possible Minor M 1) Measure temperature of previously heated coal granules and 
heated container before touching. 2) Use of specialised PPE 
(hot work gloves) 3) Previous experience handling this 
equipment at Wollongong Mines Training in 2010
Rare Insignificant L
1.02 Fumes Injury due to inhalation of toxic / noxious fumes from smouldering 
coal
Rare Moderate M 1) Ensure adequate purging of room between experiments 2) 
Monitor CO and Co2 levels with test equipment 3) Observer 
outside test area
Rare Minor L
1.03 Slip / Trip Injury due to slip, trip or fall Unlikely Moderate M 1) Complete Take 5 assessment before entering environment 
2) Awareness of surroundings by viewing and rectifying trip 
hazards 3) Marking of significant trip hazards 3) Use of 
appropriate PPE, including safety boots, safety glasses and 
long sleeve shirts
Rare Minor L
1.04 Electricity Injury due to electric shock Rare Moderate M 1) I am a licenced electrician in Qld and have a heightened 
awareness of electrical safety risks 2) Tagged and tested 
elecrical equipment and leads 3) Observer to CPR trained 4) 
Appropriate PPE and electrically insulated tools 5) No live work
Rare Minor L
1.05 Snake / Spider Injury due to snake or spider bite Unlikely Moderate M 1) Awareness of surroundings at al times, 2) Gloves, long 
sleeves and rousers and gaitors to be used when working 
outside 3) Snake bite kit to be available 4) Take 5 assessments 
when working outside or near perimeter of facility, or where any 
work, such as lifting of sheets etc to be carried out.
Rare Minor L
1.06 Fall Injury due to fall from height Unlikely Major H 1) Work from ladders to be limited and assisted by observer 2) 
height to be limited to safe working height based on equipemnt 
used and Take 5 assessment. 3) Potential fall area to be 
cleared of hazardous objects (sharp items etc)
Rare Moderate M
1.07 Lifting Injury due to lifting / carrying excessive weight Possible Moderate H 1) Take 5 assessment to be carried out where perceived non 
light items to be lifted 2) Weight to be gauged by trial 
movement of items in conjunction with observer 3) Items 
considered too heavy to be moved by one person to be lifted 
on to trolley or equivalent by two people or 4) Lifted by two 
people and carried by two people Note: Also see Snake / 
Spider bite risk assessment)
Rare Insignificant L
1.08 Handling Injury due to improper handling of heavy objects Possible Moderate H 1) Take 5 assessment to be carried out where perceived non 
light or bulky items to be handled 2) Weight / awkwardness to 
be gauged by trial movement of items in conjunction with 
observer 3) Items considered too heavy or awkward to 
behandled by one person to be lifted on to trolley or equivalent 
by two people or4) Lifted by two people and carried by two 
people Note: Also see Snake / Spider bite risk assessment)
Rare Insignificant L
1.09 Travel Injury travelling by car to and from SIMTARS Unlikely Moderate M 1) Vehicle to be checked for basic roadworthiness on each 
occasion of use to and from SIMTARS (ie flat or low pressure 
tyres, windscreen cracks, fuel level, lights and indicators) 2) 
Vehicle to be parked in accordance with SIMTARS regulations 
and in such a awy that it cannot move without a driver being 
present (eg handbrake on, all tyres in contact with road 
surface)
Rare Insignificant L
1.10 Too hot / cold Injury due to working in excessive heat or cold Unlikely Minor L 1) Work on site to be limited to test room temperature range of 
between 15 degrees C and 25 degrees C 2) Stop work 
instructions by SIMTARS supervisor to be observed and 
adhered to.
Rare Insignificant L
1.11 Dehydration Injury due to dehydration Unlikely Moderate M 1) Hydration plan to be established (litres of potable water per 
shift) and adhered to based on environment temp. 2) Urine 
colour to be self-monitored against dehydration codes 3) 
Potable water suply to be available
Rare Insignificant L
1.12 Fire Injury from fire Unlikely Moderate M 1) Fire alarm alert and evacuation signals to be observed and 
acted upon, 2) Emergency evacuation plan to be viewed and 
understood 3) Portable fire extinguishers to be available at 
work site 4) Fire hose reel / hydrant location to be noted and 
operation understood. 5) Caution to be used in igniting and 
disposing of heated coal - coal fines to be emptied into bucket 
of water after each test (as trialled successfully at Wollongong 
tests in 2010).
Rare Minor L
1.13 Cuts Injury due to cuts or abrasions from sharp objects or tools Unlikely Minor L 1) Take 5 assessment to be carried out to understand and 
observe environment 2) Actions to be taken to identify, remove, 
cover or make safe, potential sharp objects 3) First aid kit to be 
made available
Rare Minor L
Project Name SIMTARS VBFD Experiments - Frank Mendham (UQ)
Mitigation/Control
(include potential for emergency response)
Before Mitigation
Cat Cause(s)Risk Title
After Mitigation
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Experimental Layout 
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Appendix 4 – Detailed Experiments – Test Environment and Test Equipment 
1. Test Environment 
This section describes the test facility where detailed experiments were carried out that 
compared the time required to activate a VBFD system with the concurrent levels of CO 
recorded on sensors adjacent to the fire at the time of VBFD activation. 
 
Controllable variable airflow and controllable variable light levels were obtainable within the 
test space. Variations in air velocity over the fire source were achieved by means of the varied 
strategic placement of a heavy-duty industrial axial fan. Lighting level variations were 
obtained using an arrangement of portable incandescent work lights on stands in conjunction 
with the operation of fixed room lighting. 
1.1. The physical dimensions of the SIMTARS simulated mine facility 
A SIMTARS Explosion Propagation Tube laboratory was reconfigured to simulate the 
environment of an underground mine conveyor belt transfer point. The distance between the 
fire source and the VBFD system was approximately 33.5m, which simulated a length of 
underground mine roadway. 
 
The overall dimensions of the laboratory space were: - 
• Length - 38 m 
• Width - 8.4 m 
• Height - 3.2 m 
1.2. Required laboratory modifications to suit experiments 
In order to achieve mine-like conditions, all small openings in the laboratory were sealed with 
heavy black plastic sheeting, as well as the front, side and rear access doors. This reduced the 
intrusion of external light into the laboratory so that light levels could be readily controlled, as 
well as minimising air movement in the space potentially caused by external breeze.  
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1.3. VBFD Camera mounting locations 
The ceiling beams were utilised to provide support for the two (2) VBFD cameras located at 
ceiling height approximately 33.5m from the fire source. Refer to Figure 105. 
1.4. Light levels and locations of lights 
Two (2) types of lights were utilised for the experiments carried out at SIMTARS in order to 
simulate the range of typical lighting found nearby mine transfer points. 
Portable Tungsten filament (incandescent) ‘work lights’ were mounted on relocatable stands 
in the laboratory space. These could be located in close proximity to the fire source or 
remotely, as appropriate. Alternatively, they could be turned off completely or their intensity 
adjusted using purpose built electronic light dimmer units to obtain the levels of Illuminance 
equivalent to previously measured levels found in typical Australian underground coalmines. 
 
The SIMTARS facility was fitted with fluorescent lights at ceiling level, which are also 
typically located in conveyor belt transfer points in underground mines. These lights were 
able to provide general even non-adjustable lighting across the experiment in the same way 
that they provide safe work lighting in mines. 
 
Combinations of incandescent and fluorescent lighting were used to obtain three (3) average 
Illuminance levels used in the experiments, as follows: - 
 
Low light level -  23 Lux 
Typical light level -  120 Lux 
High light level -  330 Lux 
1.5. Ventilation factors 
Two (2) fans were utilised for ventilation separately, but not concurrently. An axial fan 
provided the low and medium levels of airflow, with a centrifugal fan providing t the high 
velocity airflow. 
Low air velocity -  0.1m/s 
Medium air velocity -  0.5 m/s 
High air velocity -  1.5 m/s 
 
 
 275 
1.6. Control Stations 
Two (2) separate control stations were established within the laboratory space to facilitate the 
experiment. The first station was located adjacent to the fire source to allow an operator to 
record the CO levels and coal surface temperature at the time of VBFD activation. 
Additionally, this location allowed ready access to replacement stainless steel plates complete 
with coal fines and grease before each experiment. Further, it allowed each used plate to be 
removed and extinguished after each experiment repetition subsequent to taking the required 
readings. 
 
The second control station was located adjacent to the entry of the laboratory within close 
proximity to the two (2) VBFD CCTV cameras, which were located above the control station 
at ceiling level. The Spyderguard™ software was installed on the Signifire™ VBFD laptop 
computer located at this control station, which was connected by data cabling to the VBFD 
cameras (Fike, 2015b). 
1.7. University of Queensland - Safe Systems of Work in Research 
Workplace safety that is based on a risk-based approach is a primary focus of UQ’s 
researchers and was carefully considered in the design and implementation of the subject 
experiments and the work carried out at SIMTARS. Hazards were identified in relation to the 
SIMTARS experiments and were recorded in a risk register. Subsequently, risks associated 
with these hazards were developed based on credible scenarios, analysed and qualified. Risk 
management controls were developed so as to reduce either the likelihood (i.e. probability) of 
the unwanted event or the consequence (i.e. impact) of the risk to an acceptable level where 
the initial risk levels were considered unacceptable. Refer to (Uni_Qld_SMI, 2015) for further 
details. 
1.8. The approval to work process with SIMTARS 
In addition to the University of Queensland’s safety management processes, SIMTARS had 
its’ own safety induction and risk assessment process in place. A thorough risk assessment 
was carried out based on the previous University of Queensland assessment. As assistance in 
setting up and running the experiments was provided by SIMTARS staff, the tasks they were 
required to carry out were assessed until such time as a safe work system had been agreed and 
implemented. Refer to (Uni_Qld_SMI, 2015)for further details. 
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2. Test Equipment 
Considerable test equipment and associated tools were required in order for the experiments 
to be established and operated. In addition to the following listed primary items, a range of 
hand tools and cleaning equipment was utilised. 
2.1. Design Fire Source 
The heating source comprised of a portable trolley with a three (3) ring propane gas burner 
element fitted on the top shelf. Additionally, ‘C clamps’ were utilised to clamp the 
thermocouple and a cross brace to the handles of the portable trolley so as to provide a robust 
support for measurement equipment during experiments. Figure 97 shows the test rig 
including the portable trolley and C clamps used to support the supporting cross member and 
the thermocouple. 
 
A ‘design fire’ has been defined in the IFEG as “A mathematical representation of a fire that 
is characterised by the variation of heat output with time and is used as a basis for assessing 
fire safety systems.’ (ABCB, 2005). Furthermore, a ‘schematic design fire’ is “a qualitative 
representation of a design fire, normally presented in the form of a graph” (ABCB, 2005).  
 
The subject design fire is a non-flaming pyrolysis fire typical of early coal combustion, which 
occurs as a result of the surface heating of a steel bearing housing impacting on coal on the 
bearing surface. Within the housing, it is assumed that a roller bearing has likely failed and is 
causing the frictional heating of the surrounding housing. A light layer of coal and grease 
consistent with a mechanically failed bearing and with normal deposits of coal fines is the fuel 
source. 
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Figure 97: Fire Source 
 
Samples of failed bearings and bearing housings in conveyor belt transfer points show 
discolouration of the steel after cooling. This discolouration is typical of annealed steel, as 
used in the manufacture of conveyor belt bearing components and for it to occur, a 
temperature of approximately 400 C is required. It follows that the surface layer of coal and 
grease on the surface of this steel would experience significant heating beyond its auto 
ignition temperature (Doll & Kotzalas, 2015). 
 
The development and analysis of the design fire had two (2) purposes: 
 
1. To design a fire that simulated the combustion of coal and grease debris typically 
found on an overheated conveyor belt bearing housing. This simulation was used to 
test the performance of VBFD at SIMTARS; and 
 
2. To develop a validated CFD model of the experimental design fire, so that the fire 
model could be ‘virtually’ incorporated into a range of underground mine scenarios to 
assist in predicting the response of VBFD and CO levels for both current and future 
research. 
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Figure 98: Heater Unit 
 
Figure 99 shows the simulated bearing housing surface with a layer of grease on the left hand 
side plate and grease covered with a coal dust layer on the right hand side plate.  
 
 
Figure 99: Simulated bearing housings with surface coal and grease. 
 
 
An initial heating of the simulated bearing housing was carried out to record the surface 
temperature prior to the actual experiments which subsequently introduced coal and grease 
samples. Figure 100 depicts the metal surface being heated and shows the location of the 
thermocouple.  
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Figure 100: Heated simulated bearing housing without fuel. 
 
2.2. Specification for 3 ring burner 
The heating source for the experiments was a Model C40LP Rambo propane fuelled 3-ring 
burner mounted on the top shelf of the portable trolley used for the experiments, as shown in 
Figure 101. 
 
 
 
 
 
 
 
 
 
 
Figure 101: 3 Ring burner heat source 
 
The specification for the 3-ring burner is shown in Table 16. All 3 rings were used for heating 
during the experiments, so a 30MJ/hr. energy capacity was applied. 
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Table 15: RAMBO C40LP 3 Ring Burner 
 
2.3. Simulated Bearing Housing Surface and Fuel Source 
A circular steel plate of 250 mm diameter (Refer Figure 98 and Figure 99) was used as the 
simulated bearing housing surface and a propane gas burner rig was utilised to heat the 
underside of the steel plate to simulate frictional heating resulting from belt action on a seized 
bearing.  
 
Actual mine observations showed that within an operating underground coalmine the surface 
of the simulated bearing housing is typically covered with a thin layer of coal dust. The 
estimated mass of coal dust on the bearing housing was 40 g, having a thickness of 5 mm 
based on a number of underground coalmine plant and equipment observations. Due to the 
likely failure of an operational bearing’s seal under such faulty conditions, a small amount of 
grease was included to simulate the leakage of grease from the failed bearing. The grease 
quantity used in the experiments was approximately 40 g at a thickness of 3 mm and located 
under the coal fines. 
2.4. Temperature recording device 
Temperature of the coal surface was measured using a P Type Thermocouple connected a 
Fluke 1524 calibrated temperature recorder as shown in Figure 102. The Fluke 1524 is a 
precision test instrument, which was set up for logging data via an RS232 interface to a laptop 
computer. Table 17 outlines the technical specifications for the subject test instrument used at 
SIMTARS. 
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Figure 102 Fluke 1524 Temperature Logger 
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Specifications 
Input Channels   1523: 1   1524: 2 
 
Logging   1523: 25 readings with statistics   1524: 15,000 time and date stamped; 25 readings with statistics 
 
Sample interval 
(normal)   1 seconds  
Sample interval (fast mode)   0.3 seconds (see technical manual for details) 
 
Sensor Types   PRTs, RTDs, Thermistors, and Thermocouples 
 
Thermocouple Types   C,E,J,K,L,M,N,T,U,B,R,S 
 
Operating temperature   -10 ºC to 60 ºC (Best accuracy 13 ºC to 33 ºC) 
 
Power requirements   3 AA alkaline batteries 
 
Size   96 x 200 x 47 mm   (3.75 x 7.9 x 1.86 inches) 
 
Weight   0.65 kg (1.4 lb.) 
 
Environmental conditions for best 
accuracy   13 °C to 33 °C  
Millivolt Range and Accuracy   –10 mV to 75 mV ± (0.005 % + 5 μV) 
 
Resistance Range and Accuracy 
  0 Ω to 400 Ω ± (0.004 % + 0.002 Ω) 
  200 Ω to 50 kΩ± (0.01 % + 0.5 Ω) 
  50 kΩ to 500 kΩ± (0.03 %) 
 
Temperature Coefficient, Voltage ( –10 
°C to 13 °C , +33 °C to 60 °C)   ± (0.001 %/°C + 1 μV/°C)  
Temperature Coefficient, Resistance ( –
10 °C to 13 °C , +33 °C to 60 °C) 
  0.0008 %/°C + 0.0004 Ω(0 Ω to 400 Ω) 
  0.002 %/°C + 0.1 Ω(0 Ω to 50 kΩ) 
  0.06 %/°C + 0.1 Ω(50 kΩ to 500 kΩ) 
 
Excitation Current, Resistance 
  1 mA (0 Ω to 400Ω) 
  10 μA (0 Ω to 50 kΩ) 
  2 µA (50 kΩ to 500 kΩ) 
 
 
Table 16: Fluke Temperature Logger Specifications 
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2.5. CO monitors 
Three (3) Odalog® monitors were programmed for CO measurement between 0 and 500ppm 
and located within proximity to the fire source. These monitors are currently used by 
SIMTARS and other organisations for gas and vapour recognition in underground mines and 
for this reason was selected as the most appropriate test instrument to apply. 
 
Table 18 provides the technical specifications of the device used and Figure 103 displays an 
image of the Odalog® monitors used (App-Tek, 2015). 
 
 
 
Table 17: CO Monitor Specifications (App-Tek, 2015) 
 
 
The CO monitors were connected to the ceiling beams of the SIMTARS laboratory by means 
of taut wire and located strategically in space to detect CO gas before, adjacent to and after 
the fire source. As shown in Figure 104, three (3) CO sensors are located in close proximity to 
the fire source. 
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Figure 103: OdaLog CO Monitor 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 104: CO sensors connected to ceiling beams 
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2.6. VBFD equipment 
The VBFD configuration was the same as that used for the POC tests (Refer to Chapter 3), 
however a more current firmware version was installed in the CCTV VBFD detectors. The 
VBFD cameras were located at ceiling level on a beam above the control desk as shown in 
Figure 105. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 105 VBFD Cameras mounted on ceiling beams at SIMTARS 
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Appendix 5 – Data – Laboratory Experiments 
 
  
SIMTARS VBFD Experiments - Frank Mendham UQ - SMI - MISHC
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1 19-Sep-12 Low 0.11 High 303.0 30.30 0.00 0.00 0.00 15:07:45 15:08:55 40.20 0 0 0
2 19-Sep-12 Low 0.11 High 303.0 30.34 0.00 0.00 0.00 15:13:25 15:14:30 43.63 0 0 0
3 19-Sep-12 Low 0.11 High 303.0 30.78 0.00 0.00 0.00 15:19:25 15:20:50 53.75 0 0 0
4 19-Sep-12 Low 0.11 High 323.0 32.20 0.00 0.00 0.00 15:24:35 15:26:35 48.76 0 0 0
5 19-Sep-12 Low 0.11 High 323.0 32.09 0.00 0.00 0.00 15:30:19 15:31:45 43.75 0 0 0
6 19-Sep-12 Low 0.11 High 323.0 31.71 0.00 0.00 0.00 15:35:15 15:36:20 46.50 0 0 0
7 19-Sep-12 Med 0.45 High 323.0 27.80 0.00 0.00 0.00 15:51:23 15:54:30 42.50 0 1 0
8 19-Sep-12 Med 0.45 High 323.0 27.60 0.00 0.00 0.00 15:58:41 16:01:54 42.50 0 9 0
9 19-Sep-12 Med 0.45 High 323.0 28.50 0.00 0.00 0.00 16:07:45 16:12:15 45.10 0 12 0
10 19-Sep-12 Med 0.52 High 323.0 29.41 0.00 0.00 0.00 16:16:20 16:23:39 44.30 0 13 0
11 19-Sep-12 Med 0.52 High 323.0 26.52 0.00 0.00 0.00 16:32:34 16:41:18 40.70 0 9 0
12 19-Sep-12 Med 0.52 High 323.0 26.60 0.00 0.00 0.00 16:45:40 16:52:40 38.80 0 22 0
13 20-Sep-12 High 1.5 High 350.0 20.87 0.00 0.00 0.00 8:34:05 8:41:20 34.85 0 11 1
14 20-Sep-12 High 1.5 High 350.0 22.68 0.00 0.00 0.00 8:47:54 8:53:09 40.17 0 2 0
15 20-Sep-12 High 1.5 High 350.0 23.60 0.00 0.00 0.00 9:04:27 9:08:53 41.04 0 2 0
16 20-Sep-12 High 1.5 High 350.0 24.26 0.00 0.00 0.00 9:14:01 9:27:08 46.80 0 1 0
17 20-Sep-12 High 1.5 High 350.0 26.54 0.00 0.00 0.00 9:33:37 9:41:33 42.51 0 10 0
18 20-Sep-12 High 1.5 High 350.0 27.94 0.00 0.00 0.00 9:47:58 9:57:47 46.47 1 34 2
19 19-Sep-12 Low 0.11 Med 123.0 25.84 0.00 0.00 0.00 9:42:33 9:47:46 78.16 0 0 0
20 19-Sep-12 Low 0.11 Med 123.0 25.60 0.00 0.00 0.00 10:02:09 10:04:50 43.39 0 0 0
21 19-Sep-12 Low 0.11 Med 123.0 26.30 0.00 0.00 0.00 10:16:19 10:18:20 38.91 0 0 0
22 19-Sep-12 Low 0.11 Med 123.0 29.33 0.00 0.00 0.00 11:19:50 11:22:25 51.80 0 2 0
23 19-Sep-12 Low 0.11 Med 123.0 29.60 0.00 0.00 0.00 11:28:32 11:32:50 87.70 0 2 0
24 19-Sep-12 Low 0.11 Med 123.0 29.29 0.00 0.00 0.00 11:42:15 11:47:16 119.00 0 14 0
25 19-Sep-12 Med 0.5 Med 123.0 30.16 0.00 0.00 0.00 12:20:35 12:23:20 52.80 0 5 0
26 19-Sep-12 Med 0.5 Med 123.0 30.90 0.00 0.00 0.00 12:32:14 12:36:11 60.40 0 22 0
27 19-Sep-12 Med 0.5 Med 123.0 32.92 0.00 0.00 0.00 12:44:20 12:47:50 44.87 0 13 0
28 19-Sep-12 Med 0.45 Med 123.0 32.28 0.00 0.00 0.00 12:52:25 12:56:00 55.60 0 12 0
29 19-Sep-12 Med 0.45 Med 123.0 32.20 0.00 0.00 0.00 13:01:17 13:08:15 65.20 0 23 0
30 19-Sep-12 Med 0.45 Med 120.0 32.60 0.00 0.00 0.00 13:17:28 13:22:05 64.00 0 19 0
31 20-Sep-12 High 1.6 Med 115.0 28.43 0.00 0.00 0.00 10:48:00 10:58:15 44.29 0 22 1
32 20-Sep-12 High 1.6 Med 120.0 29.62 0.00 0.00 0.00 11:04:54 11:13:12 50.00 0 19 2
33 20-Sep-12 High 1.6 Med 115.0 30.40 0.00 0.00 0.00 11:20:48 11:35:35 73.70 0 22 2
34 20-Sep-12 High 1.6 Med 115.0 31.70 0.00 0.00 0.00 11:43:26 11:51:29 51.50 0 18 0
35 20-Sep-12 High 1.6 Med 115.0 32.02 0.00 0.00 0.00 12:03:58 12:11:28 47.04 0 11 0
36 20-Sep-12 High 1.6 Med 115.0 33.02 0.00 0.00 0.00 12:19:00 12:27:10 48.60 0 29 1
37 18-Sep-12 Low 0.1 Low 21.8 27.60 0.00 0.00 0.00 13:33:20 13:35:20 55.10 0 0 0
38 18-Sep-12 Low 0.1 Low 21.8 28.60 0.00 0.00 0.00 13:49:59 13:55:00 62.10 0 0 0
39 18-Sep-12 Low 0.1 Low 21.8 26.70 0.00 0.00 0.00 14:21:29 14:25:29 47.13 0 0 0
40 18-Sep-12 Low 0.1 Low 21.8 27.48 0.00 0.00 0.00 14:36:37 14:39:50 44.05 0 57 0
41 18-Sep-12 Low 0.1 Low 21.8 26.58 0.00 0.00 0.00 14:58:26 15:03:28 60.38 0 31 0
42 18-Sep-12 Low 0.1 Low 21.8 27.20 0.00 0.00 0.00 15:16:15 15:19:35 53.90 0 13 0
43 18-Sep-12 Med 0.5 Low 23.8 25.30 0.00 0.00 0.00 16:02:44 16:09:40 78.03 0 28 1
44 18-Sep-12 Med 0.5 Low 23.7 23.52 0.00 0.00 0.00 16:15:52 16:19:50 64.56 0 5 0
45 18-Sep-12 Med 0.5 Low 23.7 23.30 0.00 1.00 0.00 16:26:00 16:31:05 57.63 0 75 0
46 18-Sep-12 Med 0.5 Low 23.7 22.38 0.00 0.00 0.00 16:42:09 16:47:40 47.80 0 4 2
47 18-Sep-12 Med 0.5 Low 23.7 21.90 0.00 0.00 0.00 16:58:01 17:02:20 58.66 0 10 0
48 18-Sep-12 Med 0.5 Low 23.7 21.70 0.00 0.00 0.00 17:11:15 17:18:06 58.60 0 5 1
49 19-Sep-12 High 1.5 Low 25.0 20.17 0.00 0.00 0.00 8:58:30 9:18:37
50 High 1.5 Low
51 High 1.5 Low
52 High 1.5 Low
53 High 1.5 Low
54 High 1.5 Low
VBFD did not respond from this point
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Appendix 6 – Data – CFD#3 - extract of peak CO levels 
 
  
FDS$Time dry$CO$Act$#1 dry$CO$Act$#2 dry$CO$Act$#3 dry$CO$Plan$#4 dry$CO$Plan$#5 dry$CO$Plan$#6 dry$CO$CFD$#7 dry$CO$CFD$#8 dry$CO$CFD$#9
1.10E+02 6.42EC08 4.67EC05 3.64EC08 0.00E+00 4.78EC05 5.81EC10 0.00E+00 0.00E+00 0.00E+00
1.12E+02 6.74EC08 4.74EC05 4.12EC08 5.17EC12 4.87EC05 5.56EC10 4.99EC34 0.00E+00 0.00E+00
1.14E+02 8.05EC08 4.76EC05 6.67EC08 0.00E+00 4.81EC05 8.10EC10 1.51EC26 0.00E+00 0.00E+00
1.16E+02 8.42EC08 4.80EC05 5.63EC08 0.00E+00 4.90EC05 1.31EC09 2.05EC20 0.00E+00 0.00E+00
1.18E+02 7.88EC08 4.86EC05 6.76EC08 0.00E+00 4.83EC05 1.99EC09 1.67EC15 0.00E+00 0.00E+00
1.20E+02 8.85EC08 4.87EC05 6.54EC08 0.00E+00 4.86EC05 2.76EC09 1.02EC11 0.00E+00 0.00E+00
1.22E+02 1.22EC07 4.90EC05 2.63EC08 0.00E+00 4.87EC05 3.53EC09 3.39EC09 0.00E+00 0.00E+00
1.24E+02 1.17EC07 4.88EC05 1.54EC08 0.00E+00 4.84EC05 4.15EC09 1.08EC07 0.00E+00 0.00E+00
1.26E+02 1.08EC07 4.88EC05 8.57EC09 0.00E+00 4.87EC05 4.46EC09 6.48EC07 0.00E+00 0.00E+00
1.28E+02 1.06EC07 4.94EC05 2.35EC09 0.00E+00 4.82EC05 4.32EC09 1.35EC06 0.00E+00 0.00E+00
1.30E+02 1.06EC07 4.98EC05 6.57EC10 0.00E+00 4.85EC05 3.87EC09 1.53EC06 0.00E+00 0.00E+00
1.32E+02 1.00EC07 4.94EC05 7.17EC09 0.00E+00 4.82EC05 3.36EC09 1.28EC06 0.00E+00 0.00E+00
1.34E+02 8.63EC08 4.98EC05 4.57EC09 7.49EC12 4.88EC05 3.06EC09 9.54EC07 0.00E+00 0.00E+00
1.36E+02 6.34EC08 5.05EC05 2.51EC08 5.49EC10 4.86EC05 3.23EC09 7.06EC07 0.00E+00 0.00E+00
1.38E+02 5.06EC08 5.04EC05 8.74EC09 1.84EC09 4.87EC05 4.15EC09 5.59EC07 0.00E+00 0.00E+00
1.40E+02 5.51EC08 5.03EC05 2.09EC08 2.56EC09 4.86EC05 5.87EC09 4.67EC07 0.00E+00 0.00E+00
1.42E+02 7.21EC08 5.11EC05 2.37EC08 2.05EC09 4.91EC05 8.02EC09 4.77EC07 0.00E+00 0.00E+00
1.44E+02 6.54EC08 5.03EC05 2.15EC08 8.41EC10 4.94EC05 9.72EC09 9.56EC07 0.00E+00 0.00E+00
1.46E+02 5.41EC08 4.97EC05 5.09EC08 3.05EC11 4.92EC05 1.03EC08 1.71EC06 0.00E+00 0.00E+00
1.48E+02 6.10EC08 4.98EC05 6.17EC08 0.00E+00 4.85EC05 1.02EC08 1.70EC06 0.00E+00 0.00E+00
1.50E+02 7.56EC08 4.95EC05 5.55EC08 0.00E+00 4.83EC05 1.01EC08 1.29EC06 0.00E+00 0.00E+00
1.52E+02 8.73EC08 4.87EC05 2.32EC08 0.00E+00 4.88EC05 1.10EC08 1.09EC06 0.00E+00 0.00E+00
1.54E+02 8.25EC08 4.83EC05 1.59EC08 2.74EC14 4.86EC05 1.35EC08 9.18EC07 0.00E+00 0.00E+00
1.56E+02 5.81EC08 4.81EC05 7.12EC09 1.94EC10 4.82EC05 1.78EC08 8.50EC07 0.00E+00 0.00E+00
1.58E+02 5.50EC08 4.70EC05 1.05EC08 5.80EC10 4.81EC05 2.37EC08 8.16EC07 0.00E+00 0.00E+00
1.60E+02 3.53EC08 4.69EC05 2.05EC08 1.99EC09 4.75EC05 2.83EC08 8.05EC07 0.00E+00 0.00E+00
1.62E+02 4.93EC08 4.64EC05 2.76EC08 6.20EC09 4.71EC05 2.93EC08 8.17EC07 0.00E+00 0.00E+00
1.64E+02 9.88EC08 4.59EC05 4.38EC08 1.32EC08 4.69EC05 2.72EC08 8.40EC07 0.00E+00 0.00E+00
1.66E+02 9.30EC08 4.62EC05 3.37EC08 2.17EC08 4.71EC05 2.31EC08 8.60EC07 0.00E+00 0.00E+00
1.68E+02 9.36EC08 4.63EC05 2.69EC08 2.96EC08 4.62EC05 1.58EC08 8.48EC07 0.00E+00 0.00E+00
1.70E+02 7.92EC08 4.60EC05 1.53EC08 3.62EC08 4.61EC05 6.36EC09 7.30EC07 0.00E+00 0.00E+00
1.72E+02 3.48EC08 4.65EC05 1.97EC08 4.20EC08 4.59EC05 5.71EC10 4.42EC07 0.00E+00 0.00E+00
1.74E+02 5.90EC08 4.60EC05 1.81EC08 4.71EC08 4.44EC05 2.14EC10 1.48EC07 0.00E+00 0.00E+00
1.76E+02 9.09EC08 4.59EC05 3.04EC08 5.09EC08 4.41EC05 4.92EC10 3.76EC08 0.00E+00 0.00E+00
1.78E+02 1.22EC07 4.60EC05 2.33EC08 5.27EC08 4.35EC05 4.60EC10 1.57EC07 0.00E+00 0.00E+00
1.80E+02 1.21EC07 4.63EC05 1.51EC08 5.36EC08 4.31EC05 7.67EC11 3.48EC07 0.00E+00 0.00E+00
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Appendix 7 – Data – VBFD images 
Proof of Concept Tests 
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SIMTARS Detailed Experiments 
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Appendix 8 – CFD Input Code - CFD#3 
 
fm_04a.fds 
Generated by PyroSim - Version 2015.3.0810 
24/11/2015 8:59:33 AM 
 
&HEAD CHID='fm_04a', TITLE='fm_04'/ 
&TIME T_END=1000.0/ 
&DUMP RENDER_FILE='fm_04a.ge1', COLUMN_DUMP_LIMIT=.TRUE., NFRAMES=500/ 
&MISC TMPA=26.0, Y_O2_INFTY=0.23/ 
 
&MESH ID='Mesh-a', IJK=175,45,16, XB=0.0,35.0,0.0,9.0,0.0,3.2/ 
&MESH ID='Mesh-b', IJK=175,45,16, XB=35.0,70.0,0.0,9.0,0.0,3.2/ 
&MESH ID='Mesh-c', IJK=175,45,16, XB=70.0,105.0,0.0,9.0,0.0,3.2/ 
&MESH ID='Mesh-d', IJK=175,45,16, XB=105.0,140.0,0.0,9.0,0.0,3.2/ 
 
 
&PART ID='smoke', 
      MASSLESS=.TRUE., 
      DIAMETER=500.0, 
      MONODISPERSE=.TRUE., 
      COLOR='BLACK'/ 
 
&REAC ID='POLYURETHANE', 
      FYI='fire engineering specifications', 
      FUEL='REAC_FUEL', 
      C=6.3, 
      H=7.1, 
      O=2.1, 
      N=1.0, 
      CRITICAL_FLAME_TEMPERATURE=1427.0, 
      HRRPUA_SHEET=0.0, 
      CO_YIELD=0.031, 
      SOOT_YIELD=0.06, 
      HEAT_OF_COMBUSTION=2.72E4/ 
 
&DEVC ID='dry CO Act #1', QUANTITY='VOLUME FRACTION', SPEC_ID='CARBON MONOXIDE', 
XYZ=29.03,4.5,2.0/ 
&DEVC ID='dry CO Act #2', QUANTITY='VOLUME FRACTION', SPEC_ID='CARBON MONOXIDE', 
XYZ=30.1,4.9,1.3/ 
&DEVC ID='dry CO Act #3', QUANTITY='VOLUME FRACTION', SPEC_ID='CARBON MONOXIDE', 
XYZ=30.9,4.5,2.0/ 
&DEVC ID='dry CO Plan #4', QUANTITY='VOLUME FRACTION', SPEC_ID='CARBON MONOXIDE', 
XYZ=20.1,4.5,2.0/ 
&DEVC ID='dry CO Plan #5', QUANTITY='VOLUME FRACTION', SPEC_ID='CARBON MONOXIDE', 
XYZ=30.1,4.5,2.0/ 
&DEVC ID='dry CO Plan #6', QUANTITY='VOLUME FRACTION', SPEC_ID='CARBON MONOXIDE', 
XYZ=39.6,4.5,2.0/ 
&DEVC ID='dry CO CFD #7', QUANTITY='VOLUME FRACTION', SPEC_ID='CARBON MONOXIDE', 
XYZ=55.1,4.5,2.0/ 
&DEVC ID='dry CO CFD #8', QUANTITY='VOLUME FRACTION', SPEC_ID='CARBON MONOXIDE', 
XYZ=80.1,4.5,2.0/ 
&DEVC ID='dry CO CFD #9', QUANTITY='VOLUME FRACTION', SPEC_ID='CARBON MONOXIDE', 
XYZ=135.1,4.5,2.0/ 
&DEVC ID='FED 1', QUANTITY='FED', XYZ=29.03,4.5,1.8/ 
&DEVC ID='FED 2', QUANTITY='FED', XYZ=30.9,4.5,1.8/ 
&DEVC ID='FED 3', QUANTITY='FED', XYZ=20.1,4.5,1.8/ 
&DEVC ID='FED 4', QUANTITY='FED', XYZ=30.1,4.5,1.8/ 
&DEVC ID='FED 5', QUANTITY='FED', XYZ=39.6,4.5,1.8/ 
&DEVC ID='FED 6', QUANTITY='FED', XYZ=55.1,4.5,1.8/ 
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&DEVC ID='FED 7', QUANTITY='FED', XYZ=80.1,4.5,1.8/ 
&DEVC ID='FED 8', QUANTITY='FED', XYZ=135.1,4.5,1.8/ 
&DEVC ID='Gauge Heat Flux Front', QUANTITY='GAUGE HEAT FLUX', XYZ=28.4,4.6,1.6, IOR=1/ 
&DEVC ID='Gauge Heat Flux Back', QUANTITY='GAUGE HEAT FLUX', XYZ=31.8,4.6,1.6, IOR=-1/ 
&DEVC ID='Gauge Heat Flux Side 1', QUANTITY='GAUGE HEAT FLUX', XYZ=30.2,6.2,1.6, IOR=-2/ 
&DEVC ID='Gauge Heat Flux Side 2', QUANTITY='GAUGE HEAT FLUX', XYZ=30.0,2.8,1.6, IOR=2/ 
&MATL ID='CONCRETE_MATERIAL', 
      SPECIFIC_HEAT=0.88, 
      CONDUCTIVITY=1.0, 
      DENSITY=2100.0/ 
&MATL ID='SHEET_METAL_MATERIAL', 
      FYI='18 Gauge Sheet Metal', 
      SPECIFIC_HEAT=0.47, 
      CONDUCTIVITY=48.0, 
      DENSITY=8000.0/ 
&MATL ID='COAL_MATERIAL', 
      FYI='Properties completely fabricated', 
      SPECIFIC_HEAT=1.05, 
      CONDUCTIVITY=0.24, 
      DENSITY=1330.0, 
      HEAT_OF_COMBUSTION=3.1307E4, 
      N_REACTIONS=1, 
      HEAT_OF_REACTION=1500.0, 
      REFERENCE_TEMPERATURE=350.0/ 
&MATL ID='GREASE', 
      FYI='Properties completely fabricated', 
      SPECIFIC_HEAT=1.0, 
      CONDUCTIVITY=0.05, 
      DENSITY=40.0, 
      HEAT_OF_COMBUSTION=3.0E4, 
      N_REACTIONS=1, 
      HEAT_OF_REACTION=1500.0, 
      REFERENCE_TEMPERATURE=350.0/ 
 
&SURF ID='CONCRETE', 
      FYI='Quintiere, Fire Behavior', 
      RGB=170,170,170, 
      DEFAULT=.TRUE., 
      BACKING='VOID', 
      MATL_ID(1,1)='CONCRETE_MATERIAL', 
      MATL_MASS_FRACTION(1,1)=1.0, 
      THICKNESS(1)=0.2, 
      GEOMETRY='CARTESIAN', 
      LENGTH=0.0, 
      WIDTH=0.0/ 
&SURF ID='SHEET_METAL', 
      COLOR='GRAY 22', 
      BACKING='VOID', 
      MATL_ID(1,1)='SHEET_METAL_MATERIAL', 
      MATL_MASS_FRACTION(1,1)=1.0, 
      THICKNESS(1)=0.00635, 
      GEOMETRY='CARTESIAN', 
      LENGTH=0.0, 
      WIDTH=0.0/ 
&SURF ID='BURNER', 
      HRRPUA=510.0, 
      RAMP_Q='BURNER_RAMP_Q'/ 
&RAMP ID='BURNER_RAMP_Q', T=0.0, F=0.063/ 
&RAMP ID='BURNER_RAMP_Q', T=10.0, F=0.063/ 
&RAMP ID='BURNER_RAMP_Q', T=20.0, F=0.064/ 
&RAMP ID='BURNER_RAMP_Q', T=30.0, F=0.064/ 
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&RAMP ID='BURNER_RAMP_Q', T=40.0, F=0.064/ 
&RAMP ID='BURNER_RAMP_Q', T=50.0, F=0.062/ 
&RAMP ID='BURNER_RAMP_Q', T=60.0, F=0.056/ 
&RAMP ID='BURNER_RAMP_Q', T=70.0, F=0.054/ 
&RAMP ID='BURNER_RAMP_Q', T=80.0, F=0.053/ 
&RAMP ID='BURNER_RAMP_Q', T=90.0, F=0.052/ 
&RAMP ID='BURNER_RAMP_Q', T=100.0, F=0.053/ 
&RAMP ID='BURNER_RAMP_Q', T=110.0, F=0.053/ 
&RAMP ID='BURNER_RAMP_Q', T=120.0, F=0.053/ 
&RAMP ID='BURNER_RAMP_Q', T=130.0, F=0.054/ 
&RAMP ID='BURNER_RAMP_Q', T=140.0, F=0.055/ 
&RAMP ID='BURNER_RAMP_Q', T=150.0, F=0.053/ 
&RAMP ID='BURNER_RAMP_Q', T=160.0, F=0.053/ 
&RAMP ID='BURNER_RAMP_Q', T=170.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=180.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=190.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=200.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=210.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=220.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=230.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=240.0, F=0.05/ 
&RAMP ID='BURNER_RAMP_Q', T=250.0, F=0.05/ 
&RAMP ID='BURNER_RAMP_Q', T=260.0, F=0.05/ 
&RAMP ID='BURNER_RAMP_Q', T=270.0, F=0.052/ 
&RAMP ID='BURNER_RAMP_Q', T=280.0, F=0.052/ 
&RAMP ID='BURNER_RAMP_Q', T=290.0, F=0.052/ 
&RAMP ID='BURNER_RAMP_Q', T=300.0, F=0.052/ 
&RAMP ID='BURNER_RAMP_Q', T=310.0, F=0.052/ 
&RAMP ID='BURNER_RAMP_Q', T=320.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=330.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=340.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=350.0, F=0.05/ 
&RAMP ID='BURNER_RAMP_Q', T=360.0, F=0.05/ 
&RAMP ID='BURNER_RAMP_Q', T=370.0, F=0.052/ 
&RAMP ID='BURNER_RAMP_Q', T=380.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=390.0, F=0.05/ 
&RAMP ID='BURNER_RAMP_Q', T=400.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=410.0, F=0.05/ 
&RAMP ID='BURNER_RAMP_Q', T=420.0, F=0.05/ 
&RAMP ID='BURNER_RAMP_Q', T=430.0, F=0.048/ 
&RAMP ID='BURNER_RAMP_Q', T=440.0, F=0.049/ 
&RAMP ID='BURNER_RAMP_Q', T=450.0, F=0.049/ 
&RAMP ID='BURNER_RAMP_Q', T=460.0, F=0.048/ 
&RAMP ID='BURNER_RAMP_Q', T=470.0, F=0.049/ 
&RAMP ID='BURNER_RAMP_Q', T=480.0, F=0.048/ 
&RAMP ID='BURNER_RAMP_Q', T=490.0, F=0.048/ 
&RAMP ID='BURNER_RAMP_Q', T=500.0, F=0.048/ 
&RAMP ID='BURNER_RAMP_Q', T=510.0, F=0.048/ 
&RAMP ID='BURNER_RAMP_Q', T=520.0, F=0.048/ 
&RAMP ID='BURNER_RAMP_Q', T=530.0, F=0.048/ 
&RAMP ID='BURNER_RAMP_Q', T=540.0, F=0.049/ 
&RAMP ID='BURNER_RAMP_Q', T=550.0, F=0.049/ 
&RAMP ID='BURNER_RAMP_Q', T=560.0, F=0.09/ 
&RAMP ID='BURNER_RAMP_Q', T=570.0, F=0.15/ 
&RAMP ID='BURNER_RAMP_Q', T=580.0, F=0.232/ 
&RAMP ID='BURNER_RAMP_Q', T=590.0, F=0.322/ 
&RAMP ID='BURNER_RAMP_Q', T=600.0, F=0.446/ 
&RAMP ID='BURNER_RAMP_Q', T=610.0, F=0.554/ 
&RAMP ID='BURNER_RAMP_Q', T=620.0, F=0.642/ 
&RAMP ID='BURNER_RAMP_Q', T=630.0, F=0.709/ 
&RAMP ID='BURNER_RAMP_Q', T=640.0, F=0.767/ 
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&RAMP ID='BURNER_RAMP_Q', T=650.0, F=0.807/ 
&RAMP ID='BURNER_RAMP_Q', T=660.0, F=0.828/ 
&RAMP ID='BURNER_RAMP_Q', T=670.0, F=0.875/ 
&RAMP ID='BURNER_RAMP_Q', T=680.0, F=0.887/ 
&RAMP ID='BURNER_RAMP_Q', T=690.0, F=0.925/ 
&RAMP ID='BURNER_RAMP_Q', T=700.0, F=0.952/ 
&RAMP ID='BURNER_RAMP_Q', T=710.0, F=0.986/ 
&RAMP ID='BURNER_RAMP_Q', T=720.0, F=0.986/ 
&RAMP ID='BURNER_RAMP_Q', T=730.0, F=0.983/ 
&RAMP ID='BURNER_RAMP_Q', T=740.0, F=0.99/ 
&RAMP ID='BURNER_RAMP_Q', T=750.0, F=1.0/ 
&RAMP ID='BURNER_RAMP_Q', T=760.0, F=0.998/ 
&RAMP ID='BURNER_RAMP_Q', T=770.0, F=0.987/ 
&RAMP ID='BURNER_RAMP_Q', T=780.0, F=0.983/ 
&RAMP ID='BURNER_RAMP_Q', T=790.0, F=0.972/ 
&RAMP ID='BURNER_RAMP_Q', T=800.0, F=0.984/ 
&RAMP ID='BURNER_RAMP_Q', T=810.0, F=0.987/ 
&RAMP ID='BURNER_RAMP_Q', T=820.0, F=0.919/ 
&RAMP ID='BURNER_RAMP_Q', T=830.0, F=0.657/ 
&RAMP ID='BURNER_RAMP_Q', T=840.0, F=0.509/ 
&RAMP ID='BURNER_RAMP_Q', T=850.0, F=0.396/ 
&RAMP ID='BURNER_RAMP_Q', T=860.0, F=0.283/ 
&RAMP ID='BURNER_RAMP_Q', T=870.0, F=0.171/ 
&RAMP ID='BURNER_RAMP_Q', T=880.0, F=0.092/ 
&RAMP ID='BURNER_RAMP_Q', T=890.0, F=0.059/ 
&RAMP ID='BURNER_RAMP_Q', T=900.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=910.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=920.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=930.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=940.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=950.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=960.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=970.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=980.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=990.0, F=0.051/ 
&RAMP ID='BURNER_RAMP_Q', T=1000.0, F=0.051/ 
&SURF ID='COAL', 
      FYI='Properties Under Review', 
      COLOR='RED', 
      BURN_AWAY=.TRUE., 
      BACKING='VOID', 
      MATL_ID(1,1)='COAL_MATERIAL', 
      MATL_ID(2,1)='GREASE', 
      MATL_MASS_FRACTION(1,1)=1.0, 
      MATL_MASS_FRACTION(2,1)=1.0, 
      THICKNESS(1:2)=0.1,0.1, 
      PART_ID='smoke', 
      GEOMETRY='CARTESIAN', 
      LENGTH=0.0, 
      WIDTH=0.0/ 
&SURF ID='Fan', 
      RGB=26,204,26, 
      VEL=-0.5/ 
 
&OBST XB=0.6,136.0,0.8,8.2,0.0,0.2, SURF_ID='CONCRETE'/ floor 
&OBST XB=0.6,136.0,0.8,8.2,3.0,3.2, SURF_ID='CONCRETE'/ roof 
&OBST XB=0.6,1.0,0.8,8.2,0.2,3.2, RGB=51,51,255, SURF_ID='CONCRETE'/ LHS air in 200mm 
&OBST XB=1.0,136.6,0.8,1.0,0.2,3.2, SURF_ID='CONCRETE'/ front 
&OBST XB=1.0,136.6,8.0,8.2,0.2,3.2, SURF_ID='CONCRETE'/ back 
&OBST XB=29.4,30.8,3.8,5.2,0.8,1.0, SURF_ID='SHEET_METAL'/ burner base 
&OBST XB=29.4,30.8,3.8,5.2,1.0,1.2, SURF_ID='BURNER'/ burner base 
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&OBST XB=29.6,30.6,4.0,5.0,1.2,1.3, SURF_ID='COAL'/ 1 m2 coal 
&OBST XB=28.2,28.4,4.4,4.8,1.4,1.8, SURF_ID='INERT'/ Obstruction 
&OBST XB=30.0,30.4,6.2,6.4,1.4,1.8, SURF_ID='INERT'/ Obstruction 
&OBST XB=31.8,32.0,4.4,4.8,1.4,1.8, SURF_ID='INERT'/ Obstruction 
&OBST XB=29.8,30.2,2.6,2.8,1.4,1.8, SURF_ID='INERT'/ Obstruction 
 
&VENT SURF_ID='OPEN', XB=0.0,0.0,0.0,9.0,0.0,3.2/ Mesh Vent: Mesh-a [XMIN] 
&VENT SURF_ID='OPEN', XB=0.0,35.0,9.0,9.0,0.0,3.2/ Mesh Vent: Mesh-a [YMAX] 
&VENT SURF_ID='OPEN', XB=0.0,35.0,0.0,0.0,0.0,3.2/ Mesh Vent: Mesh-a [YMIN] 
&VENT SURF_ID='OPEN', XB=0.0,35.0,0.0,9.0,3.2,3.2/ Mesh Vent: Mesh-a [ZMAX] 
&VENT SURF_ID='OPEN', XB=0.0,35.0,0.0,9.0,0.0,0.0/ Mesh Vent: Mesh-a [ZMIN] 
&VENT SURF_ID='OPEN', XB=35.0,70.0,9.0,9.0,0.0,3.2/ Mesh Vent: Mesh-b [YMAX] 
&VENT SURF_ID='OPEN', XB=35.0,70.0,0.0,0.0,0.0,3.2/ Mesh Vent: Mesh-b [YMIN] 
&VENT SURF_ID='OPEN', XB=35.0,70.0,0.0,9.0,3.2,3.2/ Mesh Vent: Mesh-b [ZMAX] 
&VENT SURF_ID='OPEN', XB=35.0,70.0,0.0,9.0,0.0,0.0/ Mesh Vent: Mesh-b [ZMIN] 
&VENT SURF_ID='OPEN', XB=70.0,105.0,9.0,9.0,0.0,3.2/ Mesh Vent: Mesh-c [YMAX] 
&VENT SURF_ID='OPEN', XB=70.0,105.0,0.0,0.0,0.0,3.2/ Mesh Vent: Mesh-c [YMIN] 
&VENT SURF_ID='OPEN', XB=70.0,105.0,0.0,9.0,3.2,3.2/ Mesh Vent: Mesh-c [ZMAX] 
&VENT SURF_ID='OPEN', XB=70.0,105.0,0.0,9.0,0.0,0.0/ Mesh Vent: Mesh-c [ZMIN] 
&VENT SURF_ID='OPEN', XB=140.0,140.0,0.0,9.0,0.0,3.2/ Mesh Vent: Mesh-d [XMAX] 
&VENT SURF_ID='OPEN', XB=105.0,140.0,9.0,9.0,0.0,3.2/ Mesh Vent: Mesh-d [YMAX] 
&VENT SURF_ID='OPEN', XB=105.0,140.0,0.0,0.0,0.0,3.2/ Mesh Vent: Mesh-d [YMIN] 
&VENT SURF_ID='OPEN', XB=105.0,140.0,0.0,9.0,3.2,3.2/ Mesh Vent: Mesh-d [ZMAX] 
&VENT SURF_ID='OPEN', XB=105.0,140.0,0.0,9.0,0.0,0.0/ Mesh Vent: Mesh-d [ZMIN] 
&VENT SURF_ID='Fan', XB=1.0,1.0,3.8,5.0,1.0,2.2/ Fan 
 
&SLCF QUANTITY='VELOCITY', VECTOR=.TRUE., PBY=4.5/ 
&SLCF QUANTITY='TEMPERATURE', PBY=4.5/ 
&SLCF QUANTITY='VISIBILITY', PBY=4.5/ 
&SLCF QUANTITY='VISIBILITY', PBZ=2.2/ 
&SLCF QUANTITY='VISIBILITY', PBZ=2.0/ 
 
 
&TAIL / 
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Appendix 9 - Statement of Sustainability Contribution 
 
Coalmine fires have wide ranging sustainability impacts. The question of what is being 
sustained by preventing fires associated with fixed plant in underground coalmines is an 
interesting and important one.  Combustion gases from uncontrolled colliery fires caused by a 
range of ignition sources, including fixed plant fires, are the world’s single greatest 
contributor to greenhouse gas generation (Shipp, 2010). 
 
In situations where fixed plant mine fires can be controlled and where only short term 
temporary loss occurs, the environmental cost of reinstatement primarily only involves the 
impact of greenhouse gas generation through wastage as a result of remanufacturing and 
disposal of damaged fixed plant.  
 
Uncontrolled coalmine fires are those that cannot be extinguished by available firefighting 
means and represent a significantly more severe situation (Cliff, D., 2014). Uncontrolled fixed 
plant fires in underground coalmines have the potential to spread to the point that a fully 
involved coal mine fire will generate massively large quantities of carbon dioxide and other 
greenhouse gases. This situation is likely to have a significant effect on global warming over a 
long period of time (Revken.W.C., 2002). 
 
Some fires have been burning for several decades and are expected to have fire decay periods 
for a much longer time. Uncontrolled coalmine fires in Australia have not been a significant 
problem, but worldwide this problem is of great concern (Revken.W.C., 2002).  
 
Sustainability Outcome 
 
If fixed plant fires in underground coalmines can be detected early and extinguished quickly, 
this small percentage reduction in potentially uncontrolled fires will have a significant impact 
on greenhouse gas reduction and therefore on environmental sustainability (Shipp, 2010). 
 
Link to SMI Objectives 
 
A clear link can be drawn between this thesis and the objectives of the Sustainable Minerals 
Institute’s approach to research in relation to sustainable development. The following 
description from the SMI website page ‘SMI and Sustainable Development’ (SMI, 2010)) 
indicates the connection between the thesis and the SMI’s sustainability objectives: 
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“SMI accepts the Brundtland definition of sustainable development 
(development which meets the needs of the present without compromising the 
needs of future generations) as a starting point in developing its own 
understanding of the concept.  This position is in common with that adapted 
by the industry in general and most of the companies, which make up the 
industry. From the outset, our approach has been to undertake projects with 
the industry, which fit within the broadly accepted pillars of SD and to learn 
from the experience. It is apparent that much of the industry is also in a 
learning phase, so our partnership type approach is engaging well with the 
industry.” (SMI, 2010) 
 
SMI projects undertaken over recent years generally relate to one or more of the sustainability 
principles of the International Council on Mining and Metals (ICMM). Figure 106 shows the 
relationship between recent SMI projects and the ICMM principles (Note: ICMM Principles 
are numbered 1 to 10). (ICMM, 2010)  
 
Specifically, the subject research directly addresses two of the ICMM principles (i.e. ICMM 
Principles 4 and 5), as detailed in the ICMM web site publication (ICMM, 2010), as follows: -  
 
“Principle 04. 
Implement risk management strategies based on valid data and sound 
science. 
• Consult with interested and affected parties in the identification, 
assessment and management of all significant social, health, and 
safety, environmental and economic impacts associated with our 
activities. 
• Ensure regular review and updating of risk management systems. 
• Inform potentially affected parties of significant risks from mining, 
minerals and metals operations and of the measures that will be taken 
to manage the potential risks effectively. 
• Develop, maintain and test effective emergency response procedures in 
collaboration with potentially affected parties. 
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Principle 05. 
Seek continual improvement of our health and safety performance 
• Implement a management system focused on continual improvement 
of all aspects of operations that could have a significant impact on the 
health and safety of our own employees, those of contractors and the 
communities where we operate. 
• Take all practical and reasonable measures to eliminate workplace 
fatalities, injuries and diseases among our own employees and those of 
contractors. 
• Provide all employees with health and safety training, and require 
employees of contractors to have undergone such training. 
• Implement regular health surveillance and risk-based monitoring of 
employees. 
• Rehabilitate and reintegrate employees into operations following 
illness or injury, where feasible.” 
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Figure 106: SMI Recent Research in Relation to the ICMM Principles 
 
The ‘boxes’ shown on the ICMM Principles scales in Figure 106 highlight a number of SMI 
initiatives addressed over the past few years.  
 
